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The physical quantities which are completely defined b> 
magnitude alone, are called scalars. They are represented by Latin 
or Greek letters. They obey the ordinary laws of algebra. Exa^■Qple^ 
are mass, charge, time, temperature, etc. In addition, there are 
other physical quantities which are completely determined by a 
magnitude and a direction in space and follow the parallelogram law 
of addition. These are called vectors and are represented by bola^ 

face letters OT Greek letters with arrow over them, Th^y eiTQ repres ^ 

ted geometrically by an arrow pointing in the direction of 
vector and of length equal to its magnitude. Examples are velocii} ' 
displacement, force, momentum, electric and magnetic fields, etc. 
The vectors may be classified as :(1) polar vector and (2) axial vector. 
For the quantity, in which more linear action in a particular direc- 
tion is involved, the vector is called a polar vector (e.g., displace- 
ment, velocity, force, etc). For the quantity, in which rotary action 
of some kind takes place about an axis, the vector is called axial 
vector (e.g., angular velocity, angular acceleration, etc.), 

A vector which has no magnitude is c^^^_si^ jiuil or zero 

vector. If it is added with an>r-smctor A, ffi^ector A will al vays 
remain unchanged, ue.. 


... ( 1 ) 

called unit vector. It is 
On multiplying a scalar 
direction of the unit 


0+A=A. 

A vector whose module is unity is 
represented by a letter with a cap over it. 

with the unit vector we get a vector in the 
vector, i.e., 

A 

A = .4A. 

. vectors A and B are said to be equal if and on! 

■ have the same magnitude and the same direction, i.e., 

A A A ^ 


^ ^ A A 

A=Bor AA=BB, if A==B nnd A^B. 


( 3 > 
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Fig. 1.3 

If ,4,., Av and are the magnitudes of components of the 
vector A parallel to the axes x,y and z respectively, then 

A=^j,i+/4vj-f-.f42k. •••(?) 

where i j and k are vectors of unit length along the axes x, v and 
X respectively. The sum of two vectors may thus be written as 

^ + ...( 8 ) 

^J-?^ULTIPLIGATION OF VECTORS 

When a vector A is multiplied by a scalar b, a new vector C 
is formed wQose direction is the same as that of the original vector 

A and whose magnitude is the product of the scalaf 6 and Se 

magnitude A ot the original vector A. Thus 

G=b^.=b{A^^Ay\ + AM]. (Qx 

Similarly "■ 

(.a+b) A=aA+6A. _ __ 

define5°“°'"‘“® multiplication have been 


product of two vectors A 


B 



r'^ ^'**^*' The scalar 

and R IS a scalar quantity. It is indicated 

aL * 1 ?^’ ? between the two vectors 
and thus is also known as dot-product. 

its magnitude is equal to the product of 

rnagnitudes of two veciors and the 

cosine of the angle between them. 

A.B=^5cos0=B.A ...(11) Fig.lA 

B ^ relation shows that the scalar product is commutative. As 
defineH ® ajoiJg A, hence the scalar product may be 

one vector numerically equal to the magnitude of 

r multiplied by the component of the other along the first. 

fnr product of two perpendicular vectors is zero. Thus 

Kor the unit vectors i. j and k, we have 


Electricity and Magnetism 


r 


i.j=j.k=k.i=0 and i.i=j,j=k.k=l. 

A3={A^i+Ayi+A,mB^+Byi+BM) 

= AxBa~{‘AyBy~{-AzBz* 

' Relation (11) shows that 
A.B=i45 cos 0—AB, 

A3—AB cos 7t = — AB 
A,B=0 


...( 12 ) 


...(13> 


if A 1! B 
if e=n 

if either 6=7:12 or both or at 
least one vector is zero. 

ictor Product. The vector product of two vectors is a 
vector qdkhtity. It is indicated by placing a cross between the 
vectors, hence is also called cross product. Its magnitude is equal 
to the product of the magnitudes of two vectors and the sine of the 








Fig, 1,5. 

angle between them. Its direction is _L to the plane containing these 
vectors and is governed by the right handed screw if turned from the 
^ ^ first vector towards the second vector. If vectors A and B are in x--y 
plane, the resultant vector C=AxB is _L to both A and B and is 
therefore in the z-direction. 


C=AxB=,4B sin <t> n = — Bx A. 

A 

where n indicates the direction of normal. 



Since AB sin 6 represents the area of the parallelogram having 

A and B as adjacent sides. Hence vector product of two vectors 

may be defined as a vector of magnitude equal to the area of the 

paral elogratn with these vectors as its adjacent sides and in the 
direction J. to this area (Fig 1.5). 


Another way to obtain the direction of a vpptr.r 

the right hand rule. If we wrap fingers of the riaht 
the axis, which is 1 to the plane of vec o s A Lnd B so 

thumb will give the direction of the vector produc^t A X B ^ 


1 
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Since AxB^Bx A, hence the vector product is not com* 
mutative. Relation (14) shows that 

AxB = 0 ifAl|BorA=B ^ 

A 

AxB=^Sn ifA 1 B. 

For unit vectors, we have 

ixj=k, jxk=i, kxi=j 
iXi=jXj=kxk=0. 


and 


•‘•(15) 


sed as 


In cartesian co-ordinates, the vector product may be expres- 


AXB = 


i j k 

Ax Ay Az 
Bx By Bz 


i{AyBz — AzBy)+\[AzBx — AxBz) 


1*3. MULTIPLE PRODUCT 

(0 A. (B + C)=A.B4-A,c 
(//) Ax(B+C)-AxB+AxC. 

{in) (A,B)C= {AB cos B)G~ABC cos B along vector G. 


(iv) A.(BxC)=B.(CxA)=C.(AxB) 


! Ay A% 
I By Bz 

' Cx Cy Cz 


...(16) 

•••(17) 

...(18) 

...(19) 


magnitude to the volume of the 

A R inH ^'■0® the three vectors 

^llfd teason, such a vector product is 

-ailed scalar triple product. It has following properties. 

(c) If A, B, and C coplaner or parallel to the same plane. 

A.(BxC)=0. ^ 

(o) If A,B, and C are orthogonal to each other, 

A.(BxC) = ^5C. 

(c) If any two of the three are identical or parallel. 

A.(A X C)= A.(B X A)= A.(B X B)=0. 

(v) Ax(BxC)=(A,G)B-(A.B)C. ...( 20 ) 

H is a vector quantity and is thus called vector triple product 
tJne can prove very easily that 

Ax{BxC) + Bx{Cx A)+Cx(AxB)= 0 , ...( 21 ) 

integration OF 

variahTpf ‘=xP.''essed as functions of scalar 

function of example, the electric field E can be expressed as a 

be d The vector may 

Thu^ if F z integrated with respect to these variables. 

Tentiai nf F '\u of the scalar variable u, the diffe- 

-ential of F with respect to a scalar variable u is defined as 



r 
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du 


limit ^ 
Am*^0 Am 


limit F(»+Am)-F(«) 
Am->-0 Am 


...( 22 ) 


The derivative is a vector in the direction of AF as Aw 
approaches zero. The derivative of the sum of two vectors is the 
sum of the derivatives. The derivative of a product is the same as 
that for the derivative of a product of scalars, with due regard for 
the change in sign if the order of the vectors is changed in the case 
of the vector product, such as : 


IfC=A+B, then 


dt 


dA dB 
dt ^ dt 


or C= A + B, 


• « » 


(23) 


If C=bAy then 

dC dh • • * 

If C=A . B, then 


•(24) 


= -^. B+A.-^ or C = A . B+A . B 


dt 


••(25) 


If C=AxB, then 
dC d\ 


dE 


B+AX or C =AXB+AXB. 


...(26) 


l:* 


We can differentiate the scalar triple product or vector triple 
product with the ordinary processes of dififerentiation. keeping the 
order of vectors as unchanged. 

The process of integration is the limit approached in a summa* 
simple products. When a force F acts for a small distance 

, the vtoTk done dW—F,d\, Total work done over a large distance 
is given by 


W 


JF . dl=iF cos 6 dl. 


•..(27) 


'S l^nown as line integral of F along the curve. 
Similarly we have surface and volume integrals. 

1.5. SCALAR AND VECTOR FIELDS 

function^ of'' th expressed as a continuous 

a pes are the density fields or temperature fields. Vector func- 
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tion F which has values throughout a region constitutes a field 

vector Examples are the velocity field or the force 


1.6. THE GRADIENT OF A SCALAR FIELD 


Let f be a scalar point function, which is continuous in the 
fthe'^evH^w ‘= 0 “sider two level surfaces 

ot which the function has the same value, e.^ isothermal nr 
equipotential surfaces) 5 i and ’ or 


^2 very close together. 
Fig 1.6. If these surfaces are 
characterised by scalar func- 
tions cf) and respective- 

ly. Reference to the origin 
Of we then have 


^ OP =r, OP'=r+8r. 

hence PP' =5r. 


The rate of increase of 
p at point Pin the direction 
PP is m^r with the limit 
r->0. The least distance 



Fig, L6 


between the surfaces is PQ in the direction of unit normal vector n. 

Here « represents a unit normal at P to the level surface of 6 
through P in the directic - of ^ increasing. Thus the maximum rate 

f. a"S7„?h PP'!fl!e” 


A 

8 /i=Sr cos 6 or 8 «=n . Sr. 




In 87 =-87 


or 


• S/2 

As cos 5<1, hence ^/ 2 < 8 r and 

Limit _ 0 ^ 

dn 

A 


Sr-^0 Sr 


(28) 


i at ^h^ of increase of 
function l. Henfe “ 


grad of a scalar point 


grad 4>=idtf>ldn) n. 
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It shows that ihe gradient of a scalar field is a vector field. This 

vector has magnitude equal to the most rapid rate of change of the 

scalar field and is in the direction in which this rate is maximum. 



= 91 i+ ^k, -(30) 

0x ^ 3;' ^ dz ' 

# 

A A A 

where (dx/dn) n, (dyldn) n and {dzidn) n are the unit vectors i. j and 
k along the axes y and z respectively. 



where the differential operator V is pronounced as del or nabla. It 
is defined as 



As a differential operator the V vector by itself can be 
characterized neither by magnitude nor by direction. It only 
assumes a definite value when it is applied to some field quantity. If 
it is applied to a scalar then we have V ^=grad <f>. If the scalar 
function represents temperature, then V^=grad ^ is a tempera- 
ture gradient. It is a vector quantity. Its direction being that in 
which the temperature changes most rapidly. 


Important Deductions 

(1) Gradient of sum of two scalar functions is the vector sum 
of their gradients, i.e,, 

V(u+v)==V«+Vv, 

(2) V(uv)=Vwv+vVu. 

V/(«)=/'(«)Vw. ...(33) 

THE DIVERGENCE OF A VECTOR FIELD 

For a physical concept of the divergence of a vector point 
function, v, let us consider an infinitesimal element of volume with 
sides A^, Ay and A^ parallel to the axes of x, ;; and z, respectively 
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(Fig 1.7). Let the vector point 
function v at the middle of this 
element has components of 
magnitude v®, Vy and Vz along 
these axes. 

Consider the two faces 
of the volume element each 
with area Ax Az perpendicu- 
lar to the ;V-axis. On the left 
hand face of the volume, the 
■value of Vy at the middle of 
the face becomes 








I M 


V/'l , 


1 0Vv 

'■“T 


hence the above 
Similarly, on the 


Since the face area is infinitesimally small, 
value may be taken as the value all over the face, 
light hand face, the value of Vv is 

1 ^ GVy , 

We define the flux of a vector field through any face as the 
scalar product of the vector area of the face and the vector v, i,e., 
the product of the area of the face and the normal component or 
the vector upon it. Thus the flux entering the element in the 

direction 

and flux leaving the element in the y-direction 


'-[v,+ 


1 


dVy 

dy 


Ay ^AxAz. 


Excess of flux leaving the element over that entering it in 
the y-direction is 


Vi/+ 


l_0v 

2 '0 


^y A ^ 


AxAz 


Vy 


2 dy 


A^Az 


= ^:AxAyAz. 

Similarly the net outward flux in the x-directiou 

= (0Va:/0x)AxAyAz. 
and in the 2-direction, it is 

=( 0 V 2 / 82 )AxAyAz. 
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ekmei; '*™8i”8 f'om or leaviDg Ihe 



4- 9^2 

02 


jAxAjvA 


diverglJcVoTthe ‘defined as the 

•vergence of the vector point function v and is thus written as 


div V 


I 0Vi, , dVz 


dx 


+ 


02 


...(34) 


Since^tt' d?vSScVrthe?°“‘^*"V‘'" dimensions of the box. 
scalar. ‘‘"^"^ence is the amount of net flux, it is essentially a 


Since 

. dAy . dA 


dx 


02 



^ --- +•* ^)- (i^*+jr4v + kr4g) 


dx 


dy 


dz 


= V.A. 


Hence div v= 

dx dy 


» 4- r7 


•..(35) 


flow, or the convergence of thp outward 

or V,F ,r 


In general we can write it for a vector function F as 

divF=v. F=aFjax+3Fj0y+ apjaz. / 

It is a scalar quantity and can be represented as 

v.F=i;i. (aF*/ax). 

Equation (36) can be written as 

divF=''®>t j_rp 


••(36) 


..(37) 


...(38) 

Thus th^ivergence ofojector ic u •. /• • 
per unit VQ/i/mrar7?3r~^7M^V77 ,77^c surface integral 

It is jL scalar quantity. It represents thft^t Soes to zero, 

out ^a volume element, / amount of flux coming^ 



li 
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The divergence of a field is positive at any point if either the 
fluid il expanding and its density is decreasing at that pomt or there 

tracting and^its density is increasing or the point is a sink. If 
flow of fluid is zero, divergence is zero. 

If there is no source or sink and the density of the fluid is not 

changing, the fluid is called incom- 

pressUle fluid or for a solenoidal field, divergence of a vector field F 
is ali^ays zero, i.e., div F— V. F— 0. , , • a 

The flux may be flow of liquid, flow of heat or electric flux. 
Thus in the electric flux, the existence of a finite positive value of 
the divergence at a point shows that there must be a positive charge 

at the concerned point. 

1.8. LINE INTEGRAL 

Let F (ir,>>,z) be a vector function defined throughout some 
region of space with two positions A and B anywhere in this region 
(Fig 1.8). The line integral of F along the curve of some path tnat 
runs between A and B is defined as the integral of tangentia com 
ponent of F along the curve. Thus 

[B 

line iDtegral= F. al. 

This means : Divide the path into 
segment is represented by a vector d\ and 
take the scalar product of the path seg- 
ment vector with the vector F. Now 
add these products for the whole path. 

If the segments are made shorter, this 
sum can be represented by the integral 
from one end to other. 

A 

If r is a unit vector tangent to the 
curve at any point P with a position 
vector r. Its value is given as 

A 

T=drldL 

Line integral— J f. Jf. j dl~ 


...(39) 

short segments, each 



fF. dr 


(...40) 


Thus we see that dl is equivalent to dr. For the three 
dimensional case, we have 

F=Fa:i+Fvj+Fzk and 

/. IF. dr=i {Fxdx+Fydy+Fzdz). 


..( 41 ) 
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integrI!ion'“®fe^‘iM^ or may not depend upon the path of 

.efiLd ?;r istrwo 1 

f m 


U *- \c. ^ 


•••(42) 

■i through c„ thou for cooservativ'LlTrw^g'f 


^ F,dr = 

Let F=:V therefore 


...(43) 


wh,ch,yndap=odontofpa,h bu, depends oal, on rho ,„d poims. 

For any closed path the above relation reduces to 

/ F.*- F.*+ F.* 

=V^“~^A+^A — ^B=0. 

as a grad'iLVoTaTca?ar Afield Ind 

are also called the lamellar vSor fiMs °° 

19. SURFACE integral 

v.SS represeL Srate'^of dot product 

dirertin. -o ° ° through an area SS (whose 

=: a'lSr^i^si; ‘p“ F'“°” - 

t a " 1? pS; t‘hth 

is rV «« ' 

i 2 > bdme at all points on it (Fig i Q\ Th« /tr.*. 

'Jf '"'Obihfh’e Srch o 

ror a;i'pSs\.' e,'''b‘'e‘' VuSI ® 

entire surface. ^ ^ ® through the 

4 »= 2 iF. 8 S. 



Fig. 1.9 


...( 46 ) 
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If the patches are of very small area, the flux O can be written 
as the surface integral, i.e.. 


J Enti 


tire surface 


T.dS. 


••.(47) 


Also the surface is a two-dimensional quantity, we generally 
use double integral, such as 


-II 


F.dS. 


..■(48) 


Since dS—idSx-{-idSy-\-iidS:, hence we have 


<I>= jj (F^S,+F,dSy+F,dS,). ...(49) 

1.10. GAUSS’S DIVERGENCE THEOREM 

This theorem states that the surface integral of the normal 
component of a vector point function F taken over a closed surface 

enclosing a volume V is equal to the volume integral of the diver* 
gence of the vector F taken through the volume V, f.e., 


II IIIv 

In rectangular co-ordinates 

F=Ffl:i+Fi/j+F£k, dV=dx dy dz, 
dS^=dy dz, dSy—dx dz and dSz^dx dy. 

The equation (50) may thus be written as 


..,(50) 


dx dy dz^'fSl) 

rioKt this theorem, let us first integrate the second term of 

8 d side with respect to y. For this we consider a rectangu- 


IIIv (f^ 


+ 




dy 



Fig. 1.10. 


14 


Electricity and Magnetism 


lar prism PQ with cross sectional area dx.dz and edges parallel to 
y-3xis. We thus get ^ 

i i Iv ^ dx.dy.dz= | (x, y^, z)—F^{x, yi, z)^dxdz ...(52) 

Here :c, z are the co-ordinates of end P and x, y^y z of the end. 

A A 

Q, Let Wj, and Wg be the unit vectors along the normals to the 
elements of areas dSv and dSQ, the areas where the elementary 
prism PQ meets the close surface. The area dS has a projection 

A 

on the X ‘2 plane of value dSy=dx. dz. As np makes an obtuse angle 
with the 3 ^ axis, hence the projection of dSp on x~z plane 

A 

=(“i.M 3 ,) dSF=dx, dz~ — (f/5v)p. 

Similarly for the area dSQ the projection on x-z plane 

A 

= iiM<i)dS<^^dx,dz={dSv)<^^ 

Hence the equation (52) becomes 

jjjv dx.dy.dz= Jj[ iF,dS,h+{F,dS,h ]' 

Thus dividing the whole volume into the large number of 
rectangular prisms with edges parallel to y-axis and of small cross 
sectional areas. Hence on adding all contributions we get equation 
(51) as 


dx.dy.dz= Jj|^ (FvrfSv)Q+(FvfifS'v)p ]' 


1 ! 1 

Similarly we can show that 

Wly 


111 


~dy.dx,dz= ||Fvrf5y. 


...(53) 


and 


IllH 


0r 


dx. dy. dz= | 
iz.dx.dy= f 


-(54) 


...(5) 


On adding these equations, we get 

Iff i 

JjjF V dy dz 
= 11 . « 


J dx, dy.dz. 


This IS Gausses divergence theorem. It is very useful when 
we transform the surface integral of vector function over a closed 
surface into a volume integral. This theorem also shows that if 
the surface integral of a vector F is equal to the volume integral 
of a scalar function P over the volume enclosed by the surface, 
then we get 


F=dlv F. 


...(56) 
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l.H. ROTATIONAL VECTOR FIELDS, CURL OF A VECTOR 

We have read that for irrotational fields lin^ • ♦ i 

fields are known as rotational vector fields. 

The curl is an important property for these vector fields Let 

us first understand the physical signi- 
Jicance of a curl of a vector field. 

.,io ^ rectangular 

plane ABCD placed in a very small 
region of rotational vector field. When 
the plane is in such a way that the 
vector field is normal to it ie 
normal to each side of this plane the 
jinc integral along its all sides is 

' j" F,.i+ r.,, 

+1° F,</l+ F.J, 

= 0 + 0 + 0 + 0 = 0 . ...(57) 

If this plane is rotated to 90° 
such that the vector field is parallel 

to It, i.Cy to the sides /tB and CD then 
the line integral 




IJl 




B 

T.dl 


1 : 


F.dl + 




+ _ F.dl 


D 


F.dl. 


...(58) 

certain orientation of the are^ for whiS thf r ' a 

mum. This maximum line integral at any poin^n"‘'"n' 
field around a closed curve expressed fnr ^ ^ vector 

curl of a vector field at that poin^ u ^he 

directed along the normal to the tes? ^ vector quantity 

handed screw moves when turned in the sen^rin ^ T t 

curl F is defied as ^ " maximum. Hence 




clirl F= limit ~ 

AS^O 


...(59) 


To understand clearly the curl of a vector •. j. 

I.i »s C0„s,der a a„,ll paddle »heel i. ,he pa."„f“he io® o“JS 

■ ' 
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in a canal. On account of the viscous property of the water, the 
velocity of the water layer decreases downwards, it is nearly zero 
at the bottom and is maximum at the top. The wheel will thus tura 

Canal 



Fig* L12* 

in the clockwise direction, as shown in Fig. 1.12, showing that there- 
is a small circulation of water round about the wheel. The axis 
about which the wheel rotates gives the direction of the curl. 

Let us find out the curl of a vector field F in terms of the car- 


tesian components. Consider a 
rectangular area ABCD per- 
pendicular to the axis of y, 
having sides A-^ aud Az. 
(Fig 1.13). Because of the small 
sides we can assume that the 
numerical value of the compo- 
nent of F at the middle point 
of any side is the average value 
along that side. Let Fa, Fy, and 
Fz be the components of vector 
F along X', y-, and z- axes res- 
pectively at the origion O. 
Thus average values along 
sides AB, BC, CD and DA 
are 


z 



Fig. 2.13. 

(iAz) J and -^(jAx) J respectively. 

As F.dl= [F.+ ®^(-iAz)](-A;c). 
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\b [^*+ J (Ae). 

\c (iAz)J (Aa:). 

11 [^^+^^(iA^)](-Az). 

Hence the total line integral of F along the boundary ABCD 

^F.rfl=J^ F.dl+I^ F.^l+|%,rfl 

= (9 7 ^®/ 02 — dFz! dx)Ax/sz. 


It is integral per unit area is (dF^Idz—dFjdx). 

direct on '>-'nthey- 

funcS'F. Hen2“* J'-component of the curl of a vector 


(curl F)»=OfJ0z-SF./0x) j, 

where j is the unit vector along 3 ^-axis, 

Similarly we have 

(curl F), ^(dFJdy-dFJdz) i and (curl ¥),=idFyldx-dFjdy)k. 
curl F-=(curl F)^+(curl F)„+(curl F), 


9^__^ 

dz 




dz dx 


)h( 


dx 


dy) 


as 


...(60> 

This may be conveniently written in the form of a determinant 


curl F= 



j 

0/3 > 

Fy 


k 

0/3r 

Fz 



Since the vector 
vector F may be written 


product 

as 


V XF of the operator 


V and the 


' S~+i g^+k-^]x(F,i+F,j+F.k) 

• . curl F== V xF=Del cross F. 

aIip operation is independent of the system of 

tbe curl of a vector is invariant. 
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The name curl suggests that a vector field F at a point of 
space has circulation there. As the curl is associated in hydrodyna- 
mics with the rotation of a fluid hence is sometimes called rotation 
or simply rot. For any conservative vector field the curl is zero at all 

I^Y'ts of space ^ as the line integral for a closed path is zero for such a 
field. 

1.12. STORE’S THEOREM 

This theorem states that the line integral of tangential compo- 
nent of a vector field ¥ around a closed curve is equal to the surface 

integral of the normal component of its curl over the surface S 
bounded by that curve C, i.e. 

ic¥.d\=jB curl ¥.dS, ...(63) 

Consider a surface area dS at any point P on the surface 5^ 

A 

having closed boundary C (Fig 1.14 a). If n is the unit normal vector 

A 

on this area, then dS=ndS and the Stoke’s theorem may also be 
expressed as 


F ^/1— 11^ n. (cuT\¥)dS. 

Let the surface S be subdivided by sets of curves lying on the 
surface and joining the points on the curve C so as to form a net 
work as shown in (Fig 1.14 b). If we consider the line integrals of F 
around the two adjacent meshes we see that the line integrals along 



A 



(a) (b) 

Fig. 1.14 


;be common side of the two meshes cancel each other as one has 
to travel in opposite directions. In the case of meshes abed and 
defe, the common side dc does not contribute to the line integral 
and the line integral along abed+Wn^ integral along dcfe==\\nQ 
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ixa.t'te £ ,„TS" oT'^ 


F.^l= £ jF.dl. 

^ all meshes 


.. (64) 

and8b ilr L ^ F by infinitesimal vectors Sa 

BC, CO ai d dVS F t^F H ^ 

’ ^ ^i> ^ 2 . 1^3 and F, respectively, then 



F.r/1 = 


ffi 


F.dl 


!>■ 


(“ 


‘'‘+Jc ^ 


=Fi.8a+F2.8b-F3.8a-F,.Sb 

- 8b. (Fa— Fj)— Sa.(F3-Fi). 


•^1+1^ F.cfl 


• ■•(65) 

ment "" " “"«P™'iins » a displace- 


SF-( Sar^-I-Sp-;^ +§2 ^ j yj p 


dx 


dy 


dz 


*••( 66 ) 


and 


Hence we can write 

F2-F4=(5a.V) F. 
Fg— Fi=(ab.Vj F. 


Substituting these values in equation (65), we get 


...(67) 


y F.(il=ab.(Sa.V)F- 5 a.(Sb.V) F 
=[Sb(Sa.V)— 5 a(Sb.V)] .F. 

Using vector identities 

(aXb)Xc=(c.a) b-(c.b)a 
^nd a.(b X c)^b.(c X a)— c.(a X bj, 
we get 

i'F.£/l=[(SaxSb)x V].F 
=^(SaxSb) . (VXF). 


D 

r 


F. 


/ 


7 


c 


Ai 

/ 



Ft 


Sa 



Fig, 1.15. 


Putting SaxSb=8S=Area of ABCD, we get 

fF.cll=(VxF) . SS. 

Summing these results for all the meshes, we get 


...( 68 ) 


-.( 69 ) 


j F.dl- y 


all the meshes 
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A 

n. curl F dS. -(70) - 


Hence the Stoke’s theorem. 
Like the divergence theoren 
evaluation of integrals. 


this theorem is very useful in the 


1.13. GREEN’S THEOREM 

Green’s theorem can be derived from Gauss’s divergence 
theorem as follows. Substituting vector field F as the product of 
one scalar <f> and grad of another scalar </<, i.e., F=^V</i, we get 



^ 8y ydz dz J 
dx dx dy dy dz dz 


=^W+VfV0. -(71) 

Hence Gauss’s theorem reduces to 

This is known as the first form of Green’s theorem. After 
inter-changiog fj> and 0, we have 


jj^ ...(72) 


jjj^ (0V^<^+V0.V^)t/F= ^ (./rV^).c^S ...(73) 


On subtracting Eq, (73) from Eq. (72), we get 


(<^VV-0V»^) dV= 



8 


(^V0-0V^).rfS...(74) 


This is referred to as the second form of Green's theorem. 
These are of extreme importance in the fields of electrodynamics 
and hydrodynamics. 


Some Useful Vector Relations involving the vector V 

(u.V) ^-u.(v <i>) 

(u.V) r=u. 

div (u+v)= V.(u-f v)= V.n+ V.v. 
curl (u+v) = V X (u+v)=V X u+V Xv 
div div u+u. (grad <f>). 

curl (^u)=Vx(^u) = ^ curlu+(grad ^)Xn. 
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div (uXv)=v. curl n — «• curl v. 

curl (nXv) = (v. grad) a— (u. grad) v+udiv v-v div a. 
grad (n.v)=uXcurl v+vXcurl n+(u. grad)v-l-(v.grad)u. 

Second order differential operators 

div curl u~0 

div (grad ^) = V.(V ^)=V»<^==9»^/9^’+0“W+3V/9r . 

curl grad 

curl curl u=grad div u 

Exercises 

Example 1. Prove that the four points 4i+5i+k, — (j+l*). 
Ji+9j+4k and -#(— i+ j+k) are coplaner. 

Let the given vectors represent the points A, B, C and D res- 
pectively, then 

a= AB=Position vector of B— Position vector of A 
=_(j+k)— (4i+5j+k)=— (4i4-6j-l-2k). 

Similarly b=AC=3i-l-9i-l-4k-(4i+5i+k)=-i-|-4i-|-3k. 
and c= AD=4(-i4-i+k)-(4i+5j+k)=-8i-j-|-3k. 

If the points A, B, C and D are coplaner, then vectors a, b 
and c will also be coplaner. It is possible only when 

a . (bX c)=0 



Ox 


-4 —6 —2 

Now a. (bXc) = 

bsB b^ bz 


-14 3 


Cx Cy Cc 


-8 —1 3 


Hence the points A, B, D are coplanen 

Example 2. For a position vector r=ix+j>'+k5!, show that 

(a) div r=3, 

ib) div (r" r)=(3+n) r", 

(c) curl r=0, 

(d) curl (r/r*)==0. 

[a) We know that 

div F. V .F- ( I I; +1 4r+k v} 
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„ dF^ , dF, , 


dFt 


dz 


In the present case F=r=ix+j>'+kz, therefore 

■‘i”-|r+^+-|r='+'+'-=‘- 

{b) In this case F=r" r=r”(xi+j’j+zk)r 
/. div F=div (r” r)=-® ir”x)+~ (r«:F)+ ('■"z) 

=r''+xnr"~'--^^ +r’'+ynr’'~'^ -~+r’'+znr"~^ 


dx 


dy 


dz 


3r 


”+nr”-^ 


dr . dr , dr 

X hj'— +* 


dx 


dy 


dz 


=3r"+nr""^ j^-^+ ■^+-yj=3r"+nr" *. 


=(3+n) r". 

(c) Since curl of a vector field F is given as 


curl F 


_( aF, 

V dy 


dF 


dz 


)‘+(-|r 


dF 


dx 


• fdFy _dF, 
dx dy 



In this case r=xi-f .vi+zk, hence 


curl F 


f dz_ 

\ 9>^ 


dz 


)-{ 


0x dz 


dz dx 




0^_^\ k 


dx dy 


and 


Since x, y, z are independent co-ordinates, hence 

^ ^dy _dz __dy _dz 
dy dx Zy dz dz dx 

curlF=0i=0i+0k=0. 

(d) In this case 

r-— «• - JCi+j>i + zk 

A o o 


. curl F 


=*K( 


d_ 

dz 


(^)] 
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curl F=i 



dy 


dr 

dz 



dz 



+k 


dx 


dy 



8r/5.i:5'^ub/to2i'thirCal„t 


curl F 


3 i zy yz 


- ( - 

r« I r 


+k 


)]-i[ 

--Ifj 

r*l r 


xz 


zx 



yx _ xy 




V (a.r)=a. 

Using the vector identity 

grad (A.B)=Axcurl B+Bxcurl A+(A. grad) B+fB 
wc have ' 


grad) A, 


V (•.■■)-aX(Vxr)+rx(Vxa)+(a.V)r+(r.V)a. ...(0 

cX-O S”' 


(A.V)B-^. -3B -8S_+^. 

dx dy dz 


••(«) 


In the present case if we assume A=a and B=r, then we have 
(a.V)r=fl, ■ 9*- ■ 


-ha- 


■+a 


0r 

dz 


dx ' dy 
=aj + aj+azk=si. 

If A=r and B=a in equation (ii)r then we have 

0a ga 


(r. V)a=x 


I 0 a , 

+3' +z 


0x ' 0;) 

=0. (as a is a constant vector) 
Substituting these values in Eq. (/), we get 

V (a.r)=0+0-|-a+0=a. 

Hence the result. 

(a) grad <f>=id^/8x+j d^/dy-f-k d4>ldz. 


j'jX 


where ^ 

fir r 's 


9* Sr 'dx ^ dx 




dz 
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As r=(*»+j'*+ 2 *)^'*, hence drldx=2xl2(,x‘+y^+z^yi»=xlr. 
dfldy=ylr and drldz^zjr. 


• • 


grad ^(r)=i ^+j^'JL+k0' 2 

r r r 




d^r d<f> 


drr 


dr 


(b) d<t> 


dx+ dy+ ^ dz=(gTRd (/>). dr. 


dx 


dy 


dz 


Let dr lies along the surface for which ^=const, then obvio- 
usly and (grad ^). dr=0. It shows that grad ^ and dr are 

mutually J_ to each other for a surface ^==const. 

Example 5. Prove the vector identities ; 

(/) div cwr/ F=0. 


(/) div curl F 


dx 


(ii) curl grad <^=0. 
(curl F)fl. +~^ (curl F),+ 


dy 


d 

dz 


(curl F), 


^ r 

dF. __ 


d 


_ 9F. 

dx L 

By 

dz y 

dy 

L dz 

dx 



+ 

d 


^dF, 



dz 

L 0;c 

dy 

d*F, 

_d^F^ 


1 


d^Fy 

dxdy 

dxdz 

dydz 


dydx 

dzdx 



= 0 . 


dzdy 


It means that vector yieW whose divergence is everywhere zert 

can be expressed as the curl of some other suitable vector field Thi 

fields whose divergence is zero have their field lines always formim 
closed curves or the vector field is solenoidal. ^ jormini 

r 0 

- I ors»/i J\ I . 

1 


(//)(curl grad (grad <f>). (grad ^), ] 


■r±(m 

lSy\dz ) 




_0^ 

Sy\dz ) dz 

Similarly we can prove that jv-and 2-components are also zero, 
curl grad^=0. 

It means that fl vector field whose curl is everywhere zem 
^■RelduT^^ f rflAc/i/ af another suitable scalar field Th 

the conservative fields are of this type. potential field. Al 
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Example 6. A rigid body is rotating with constant angular 
velocity about a fixed axis, if v is the velocity of a point of the body, 
prove that curl v=a). Give its physical significance. 


Consider a rigid body which is 
rotating with an angular velocity co 
about an axis OA, where O is a fixed 
point in the body. Then any point P 
on the body moves in a circular path 
about OA with a tangential linear velo- 
city V {=a»Xr), where r is the distance 
of point P from the fixed point O. Since 
the angular velocity w is a vector cons- 
tant for all points on the body and can 
be written as 

o>=a)^i-|-ajtfj+a)jk, hence the com- 
ponents wy, w, are independent of 
the co-ordinates r of the point. 

v= O) X r = (ct>„r — + (co^x — 

and V X v=2c(>aji“b2a)vj“i“2cozk=2«o. 



4 


yy 




Hence when the rigid body is in motion the curl of its linear 
velocity at any point is equal to twice its angular velocity. 

Thus we see that if a motion of a rigid body is such that the 
velocity has a curl, the ultimate particles of the body are in rotation 
with an angular velecity, which is equal to half of that curl. The 
motion is described as rotational or vorticaL 


Example 7. For a position vector r=ix4- jy -b Jkz.- find the 
values of (/) grad (l/r) (//) and grad r^. 



Since r=ix-l-iy+kr, hence r^=r,r—x^+y^+z^ 

dr/dx=xlr, dr/dy^^y/r, drjdz^zlr. 
Substituting these values in the above relation, we get 



and 
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grad(i-) y 


r 

r* 


Similarly 


grad r^= 








Example 8. Prove that curl curl A=grad div A-V«A. 
We know that 


r 

and 


curl A» 




curl curl A=Vx VxA 
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Let us consider only the x component and call it curl ^ curl A 


cufi curl A 


Zy 


dA^ 


dx 


Ml 

dy 


d 

dz 


dA 


X 


dA 



0M 


d^A 


d*A 


X 


dydx dydy 


0202 


+ 


dz 


dU 


dx 



dzdx 



Adding and subtracting d^Axjdx^ in this expression, we get 


curl a curl A 



^^ 0 ^ , d’^A 

dxdx dydx 



0M 


r 


dy 




dx 


dAv , dAy , dA 


dx dy 


+ 


dz 



02 0 


+ 


02 


0x2 dy^ dz 




X 



=i |-(div A)-V^(^xi) 
ox 

==grad3: (div A)— V^C^xi) 

Similarly, we have 

curl y curl A=gradv (div A) — V'^ (^wj) 
and curU curl A=grad 2 (div A)— (Az^) 

Therefore the summation gives 

curl curl A=grad div A — V^A. 

This relation can also be derived by using the identity 
aX (bx c)=b (a.c) — (a.b) c. 

or V X V X A=V (V.A)-(V.V) A 

=grad div A— V^A, 


Oral Questions — 

1. Show how three equal magnitude vectors would have to be oriedted if 
they were to add to give zero. Can this be done with three unequal vec- 
tors ? Two unequal vectors ? 



Find the dot and cross products of two similar vectors ? 

Why is the work a scalar quantity and the moment of the force a vector 
quantity ? 

If Operates v when u is assumed as constant, then which of the following 
is the correct form 

(V . n)v or (n . V)v ? 

Find the surface integral of a curl of a vector field when the surface is 
closed. 
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6, If two vectors A and B are not parallel in question aA+6B»0, then find 
the values of a and b. 


Problems— 

1. Provethat the line joining the vertex of a parallelogram and the mid- 
point of the opposite side trisects the diagonal. 

2. Prove that axb™— (bxa), axa=-0 and (a— b)x(a+b)— 2{axb). 

3. If A and B are the sides of a parallelogram and C and D are the 
,diagooal8,show that 


4. Provethat the components of F in the plane of a and F, along and 
perpendicular to a are a and respectively 




5. Find grad v, where v=t« and r=-(x2 +> 2 + 22 ) 1 '2 

[mr« -2] 

6. Find div F and curl F, where Fngrad 

[6(x+>+r) and 0] 

7. Evaluate where r-.(x 2 +> 2 -|. 22 )i/ 2 . 


8 . Show that the potential function ^c=q(;c2+v2+z2)“i/2 satisfies the 
i^place 8 equation. 



Electric Charge 
and Electrostatic Field 


2.1. ELECTRIC CHARGE 


)rffact 


IS a well established fact that bodies which are not in 


contact can interact with each other without the use of an interven- 
ing medium. The best known interaction of this kind is gravitation. 
In certain circumstances the interaction between separated bodies 
can be such that the forces produced on them completely over- 
shadow the gravitational attraction. In these cases we say that these 
bodies are magnetic or charged. We can show that a glass rod 
rubbed with silk will re pel the second roc rubbed wiin_TsiTF~ 
and will attract a Tiard rubber rqd_xubbed-^ith fur. Two hard 
rubb^rods'TubT'^ witli tur wiif repel each other. We explain these 
facts by saying that rubbing a rod gives it an electric charge and 
the charges on the glass rod and on the hard rubber must be diffe- 
rent in nature. It is also clear that like charges repel and unlike 
charges attract. Benjamin Franklin, American Physicist, named the 
kind of charge that appears on the glass positive and the kind that 
appears on the hard rubber negative. He also obser ved -that equal 
n egative and positive charges are obtained at the same__time by t he 
rubber on_the one hand and ^by t he body rub bed on t he other. 
Elfecfnc^ff^s are not limited ^ glass or rubber, any lubstance 
rubbed with any other under suitable conditions will become char- 
ged. [Now-a-days it is assumed that the matter contains equal 
amount of negative (electrons) and positive (protons) electricity. I n the 
p rocess acquiring the electric charge, a small amount of one kind of 
elcctricityjs-lransf erred from one to the other bo dy In th is way 
one Tody would, bec ome positiv e and other negativ es 

Charge is quantized. The. atomic theory_ of mat^r has 

shown that fluids (e-.g., water and air) are not continuou^’but are 
made up of atoms. Milikan’s oil drop experiment shows that there 
is the exact equality in the charges carried by all charged drops. 
The charge is written as -ne, where-^ is an integer number. The 
symbol ‘e’ is known as electronic charge. It is also observed that 


30 


Electricity and Magnetism 


magnitude but opposite 
in sign. No one has been able to detect a charge smaller in 

magnitude than the charge of the electron e. In addition the 

ri i arej^nd to be inte-ggrSuffi?les of 

charge exislsjn^iFcrete pa^Tff-mtTenha'h' in cont^^rri;.^S; 


and:'hence_i?_s^d 'tEbTqllH^edj/^^ The'-basic" packet. o7 qulnt^ni; 


of charge has fliagiiitude -^A'll charged elementary '‘particles 
^nTu time carry charges of precisely the same magnitude 

charge is a deep and universal law of nature. There are two kinds of 
charge quanta. Both have the same magnitude. One is that on 

^uanfum ? the proton. Higher theories of 

Ege required to explain the quantization of 


The quantum of charge e is so small that the graininess of 
electricity does not show up in most of the experiments For 
example in an ordinary 220 volts 60 watt light bulb I 7x lO^® 
elementary charges (electrons) enter and lelve filament every 


matter is allowed to enter or leave the s\ Stem that no 

neither created nor destroyed An eouai n, , charges can be 

positive and negative is siLltanJausly pJodE^^ "'I 

This IS known an conservation of char gl a^nd is'vaI/d°L^th^f^^^f‘^^‘^‘ 

scale events and at the atomic and nuclear level ^ ^ ^ 

been found. An interestine examnie ^ exceptions have 

creation of pair of 

mafifnrtude'^tT'onn^ow^ • — =fi — P ps?trofl^_were eaua! in 


partide \o anti^an^] The reverse nrnJ u- i 

euergy-appears in the"W~bft7o gaSlSS^ 

and a positron are brougirr^se to^eac^t^ wjTen__an electroi 

This procestrrs known 5s^j«/7n7ar?^ process t' ^ ^ observed 

net^iarge is zero both bef^iTand-after ttff ' processes tm 

conse^jf event so that charge i 


radioactive decay. “?w d°e*ca*^? process\7 are ° ' 


U238 


SsRa 


A 


disincegralioS Md S8*fOT?be lira and f 'a"®' P'"'"' I"!”" 
ia .ho samo as ,ba, pooLm^aTio?! SogrS”'’ 


I 


1 
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Charge conservation is also valid in nuclear reactions. Few 
examples are ; 

2oCa«+iHi->2iSc«+oni 

3Li’+iH’->22He^ 

% 

Here we see that the sum of the at omic num bers no. of 
protons in the at om) before the reaction is exactly equal to the sura 
0 ^ tne atomic Ambers after the reaction. It means that total charge 
rem ainsTonsian^ or cha rse is conse rved. 

The law of conservation of charge is also true for relativistic 
motion, in other words we can say that the total electric charge of 
an isolated system is relativistically inxaria'nt. 


charge. One cannot explain the charge in terms of 
any (^fliei known piu|_Terty. In raacsoscopi : chaiging prucess the 
number of electrons involved is \ery large and we use a unit of 
charge, the coulomb^ The coulomb is defined as the amount of 
charge that flows through a wire p. r second if tiiere is a steady 
current of one ampere in the wire. In nuclear or atomic problems 
or in microscopic processes, the unit of charge is taken as the charge 
on the electron, electronic charge^ Cy which is equal to 

1.6021 X 10“^® coulomb. 


Conductors and Insulators. For the pu-pose of electro- 
static theory all subs’unces tan pe divided intt' two main classes : 
conductors and insui tors. In conductors electric charges are free to 
move from one place to another, whereas in insulators they are 
tightly bound to their respective atoms. In an uncharged body there 
are an equal number of positive and negative charges. 




The examples of conductors of electricity are the metals, human 
body and the earth and that of insu'ators are glass, hard rubber 
and plastics. In metals, the free charges are free electrons, known as 
conduction, metallic or free electrons. But in electrolytes, each mole- 
cule of electrolyte separates into+vely and — vely cln'rged parts which 
can move independently of each other. Although there is no perfect 
insulator or perfect conductor. The insulating ability of fused 
quartz is about 10*'^ times as great as that of copper and hence used 
as perfect insulator. The concepts of perfect im-ulator and of 
pertect conductor are useful in e ectrostatic problems. There are 
a number of substances that are neither good conductors of 
electricity nor good insulators. These substances are called 
semiconductors. 


Charge and Matter. Every matter is consisted of neutral 
atoms. The atoms are made up of a dense+vely charged nucleus 
surrounded by the electrons in the orbital motion. The radius of the 
nucleus is of the order of fermi (1 and is about 10“® times 


\ 





< 
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smaller than the radius of the outer electron or that of an atom. In 
the nucleus protons and neutrons are packed by the strong attractive 
forces^ known as nuclear forces. These forces are much 
stronger than the electrostatic repulsive forces between the protons. 

The forces that bind the electrons of an atom to the nucleus, 
the forces that bind atoms together to form molecules and the forces 
that bind molecules together to form matter may be described with 
the help of Coulomb’s law and the structure of the matter. 

2.2^ JgOULOMB’S LAW 




Fibre 


Charles Augustin de Coulomb performed following experi- 
iCnt in 1785 to find how the force varies with the distance between 
two point charges. In his experiment, two 
light balls were fixed at the ends of a 
light insulating rod and the whole 
system was suspended by means of a 
torsion fibre at its centre of mass 
(Fig 2.1). One ball a was given a charge 
and a third charged ball c supported on 
the insulating handle was brought near 
the ball a. The charge on a w'as repel- 
led and the rod was rotated and the 
fibre was. twisted. The suspension head 
was rotated to restore the original 
position. This experiment was repea- 
ted for different distances between balls 
a and c and corresponding angles 
through which the suspension head was 
rotated to restore the original position 
were observed. From these results, 

Coulomb gave a law, can be stated as : 

(a) The force which two charged 
bodies 1 and 2 (say), whose dimensions 
are small compared to their separation 

(i.e., point charges), exert on one another has a direction of the line 
joining the charges and is inversely proportional to the square of 
their separation r. z.e.. 



Fig. 1.1. 


1 

Foc-i-r, 


(/) 


where r=r/r is the unit vector in the direction from charge 1 to 
charge 2 if the force F is acting on charge 2 due to charge 1 (Fig 2.2). 







Fig. 2.2. 
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(b) This force is proportional to the product of the charges 

on these charged bodies. ® 

E qi qi. (, 7 ) 

(c) This force acts as a repulsive force when qi and q^ have 
same sign and as an attractive force when two signs are opposite. 

id) The force between any two charges is independent of 
the presence of other charges. 

Combinning these relations we have 


Fa: 


qi 92 


r. 




It is better to write F, instead of F as we are concerned with 
ine force on charge 2 due to charge 1. Hence the force F, on 
charge 1 due to charge 2 will be— Fa- 

.u 1“ Gaussian system of units the unit of charge is thus defined 
so that upon a quantity of electricity equal to itself, at a distance 

‘*,f*®^** a force of 1 dyne. In this case constant of pro- 
portionality for the charges in vacuum or air becomes unity. In SI 

paH* r® proportionality is usually written in a more 

complex way as 1/ 47ceQ. Thus we have 


4ne. 


r* r. 


( 2 > 


° ‘constant c,, known as the permit^ 

hand side equal to the left hand side. Thus we have ^ 

£0=8.85418 X 10-»a coulVnt.m’“ or l/47t£o=9x 10'> nt.mVcoul^. 

nn. present, the force exerted on any 

given by adding 

vectonally all the forces obtained by using Eq. (2). ^ 


Fl — Fi2 + Fi3-1-Fi^+. 


(3) 


where F12 stands for the force exerted on qi by 9,. Thus we have 


18 


] 


...(4) 


■iai 
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A A 

Here the unit vectors and ris have the directions of the lines from 
g, to and to qi respectively. 

For the force on due to a number of charges, we may write 


17, L EM* ^ 

47ce, iru* . 

This is just the superposition principle for forces. 


•••( 5 ) 


Let us consider situations where the charge is spread over a 
jegion instead of being concentrated at particular points. To cal- 
culate the total force on qi, let us consider the charge as made up 
of small charge elements and then the forces due to each element 
dq is added vectorially. As the charge distribution is continuous, 
hence the summation is replaced by integration. Thus we have 


Fi 


1 


\4 


4ite 


0 


A 

r 




4ns, 



...( 6 ) 


where r is a variable unit vector that points from each charge 
clement toward the location of charge q. If the charge is 
distributed over a volume dv, this equation may be written as 


Fi= 


1 


4nt, 




A 

r 


...( 7 ) 


where q is the charge density. 

Coulomb’s law applies to point charges. In the macroscopic 
aense a point charge is one whose spatial dimensions are very small 
compared with any other length used in the problem. It also applies 
to the interactions of elementary particles, such as electrons and 
protons. It is found to hold even for electrostatic repulsion 
between protons inside the nucleus, however nuclear forces domi- 
nate over this repulsion. The spontaneous emission of a-particles, 
breaking up of the nucleus into two large fragments, presence of 
more neutrons than the protons in the hea’/y nuclei are the Cou- 
lomb’s repulsion effects. We do not know whether this law holds for 
-very large astronomical distances or not. 

Coulomb’s law has the same form as Newton’s law of gravita- 
(ition. The analogy between these laws is given below : 


Goalomb’s Law 

(1) It is based on expert 
mental observations. 


Newton^s gravitational law 

It is based on speculations con- 
cerning the fall of an apple 
towards earth. 
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(2) Force is directly pro- Force is directly proportional to 
T»ortional to the product of the product of masses, 
charges. 


(3) Force varies inversely 
as the square of the distance 
between two charges. 

(4) Force between the 


Force varies inversely as the 

square of the distance between 
the masses. 

Force between two masses 


charges F= 



1.2 


F = G 


(5) Force is repulsive when Force between two masses is 
cnarges are of similar nature always attractive, 
and is attractive when they are 
unlike. 


(6) Force between any two 
charges is independent of the 
presence of other charges. 


Force between any two masses 
is independent of the presence 
of other masses. 


(7) is constant for a free 

space. 


G is a universal constant. 


(8) €q depends upon units 
of force, charge and distance. 

2i-«>ECTRIC FIELD 



G also deoends upon units of 
force, mass and length. 


The gravitational force can be explained by assuming that 
every point in space near the earth is associated with a field, known 
gravitational field. Similarly the space surrounding a charged 
body IS associated with a field known as electric field. 


If a charge is placed at any 

point, it sets up an electric field in the 

space around itself. This field is indicated 

t>y the shaded region in Fig, 2.3. If a 

Charge is placed in the field region of 

c large qx^ the former will experience 
a force F. 




\ 


In this way the 
intermediary role in the 
the charges. 


I « * * * » . I 

s Os' wv///, 


field plays an 
forces betvveen 


\'':o 


s. -w ^ - 

Fig, 2,3, 


y 


for coStScefls ^ (assumed positive 

wherf* placed at any point in the region of any charee 

want to calculate the electric field strength. If this twt 
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charge experiences a force F, then the electric field intensity or 
strength E at that point is defined as 


E=F/^o* 

The direction of E is the direction of F and its unit is newton/ 
coulomb. We must assume a test charge as small as possible so 
that it will not influence the behaviour of the primary charges that 
are responsible for the field to be determined. Thus Eq. (8) should 
be replaced by 


£_ Limit 


-(9) 


Actually the test charge is fictitious. We merely ask what 
would be the force on it, if placed at the observation point. The 
requirement that the test charge be vanishingly small compared with 
all sources of the field limits the practical validity of the definition, 
i.e, the definition is suitable for macroscopic phenomena only. 


The force experienced by test charge placed at a distance r 
from a point charge q can be written at once from Coulomb’s 
law as 


F=— r 

4kZo r'^ 

Limit 

qo-^0 4ne, V r j 

Its direction is radial from q pointing outward if q was+ve. It is 
inward if q was—ve. 


If we consider co-ordinates of the points instead of absolute 
distance between the charges, then Eq. (10) will become 


47ZtQ j X — Xl I * "*(11) 

where electric field is calculated at point X due to a point charge a. 

placed at point xi and | x-xi | is the absolute distance between 
these points. ^ 

ATION OF ELECTRIC FIELD STRENGTH 


2 . 4 . 



uud E for a group of point charges, we first calcnlntp. f 

to eaclvtharge at the given point as if it was the only Sli nfecent 
and then add them vectorially, ^ present 



n 

/=1 ''ot* 


A 

roU 


E=Ei+Ea+E8+,., 
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where ro< is the vector from the i'* charge in the svstem to thf 
point in space for which E is being calculated ^ 

be coLSedtv continuous, the field strength can 

Sd iXratiS^ thl infinitesimal elements dq 

elements.^ ' ® ^ contributions due to all the charge 



dE^ 


M 

^TTEo j r 


dq 
2 


A 

r 


...( 12 ) 


''cctor pointing from 
space for which E is being calculated. 


dq toward the point in 


tude but oppoMte^iT*smns c*cctric charges, equal in magni- 
strength due fo these chS in th“^^ 

trie field of sensftle main? ^ an elec- 

dipole. :^ combination of two charges is termed as e/ectr/c 


/■ 


the perpendkul?r biiector^of the**li?p^-^^'^ ^ ^ distance along 

■tude , placed at a 

-(13) 


E=Ei + E, 


From Eq. (10) 



Fig. 2.4. 
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The vector sum of Ei and E, points parallel to the line joining: 
+9 and —q and has the magnitude 


E=2Ei cos * 


2X 


i 


47te. ^ V a*+r 2 * 47teo(fl*+ra*)*'* 


a 


2aq 


...(14) 


If Ta ^a, we can neglect a in the denominator and the above 
equation thus reduces to 


E= 



(2a)(q) _ _1 

47re 


r,* 


...(15) 


0 'a 


where p=2aq, the product of the magnitude of the charge q and 
the separation 2a between the charges and is known as the electric 
dipole moment. Thus we see that the electric field strength due to 
dipole at distant points along the perpendicular bisector varies as 
l/rs. whereas for a point charge it varies as l/r^ only. Its direction 
is opposite to that of dipole moment which is +ve in the direction 
from— ve charge to +ve charge. 

The electric field strength E at a point P at a distance rj from 
the centre of the dipole along its axis is given by 

E=Ei-|-E2. 

The resultant vector E points parallel to Ei and antiparallel 
to Ea, as Ea is smaller due to the greater distance of— i.e. along 
the axis of the dipole. The magnitude 




1 




[ (ri-a)^ 


4ar, 




...(16) 


0 l_ v*l J (^1^- 

As in a dipole the distance between two point charges is neg 
ligible in comparison to the distance n, i.e,, a-^n, hence 


2q(2a) _ I 2p 






.••(17) 


Its direction is along Ei, i.e,, along the direction of dipole 
moment. It is also inversely proportional to and proportional 
to the dipole moment /?. 

For the calculation of electric field strength E at point R 
having polar co-ordinates r and let us resolve dipole moment p 
into two components, one parallel and other perpendicular to OR, 
the line joining point under consideration to the centre of dipole. 
The field due to the component p cos B is equal to 2 p cos Bf 
and the field E 2 due to the component p sinfl is equal to 
p sxnBfAm^^ which is perpendicular to the former. Hence 
magnitude of the resultant field E is given by 


_ P 


E= 


47:e/3 


4 cos^tf+sin^^ ““ 


_ P 


47rSor* 


V 1+3 cos*0... ( 18 ) 
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Its inclination to OR is given by 


tan 4 


2p COS0/47t£^^ * 


...(19): 


(6)>G&arged Rod. Let us consider a uniformly charged rod 
whose/line^'Chargc density X (charge per unit length) is constant. 
We wish-t6find the electric field at point P due to this rod. Cou- 
lomb*s law cannot be applied directly in this case as it applies only to 
point charges. However we can imagine the rod to be divided into 
a large number of small segments, so that each segment v/ill act ae 
a point charge. Coulomb’s law can be applied to this segment* 
If A X be the length of the segment at a distance x from point 



Fig. 2.5* 


which is along the length of this rod (Fig 2.5). The electric field due 
to this segment at point P is given by 



It is along BP direction. Since the fields due to all segments 
of the rod are in the same direction as A E, hence 

-( 20 ) 

If A^ is sufficiently small, we can replace the sum by an in- 
tegral, thus we get 



7, dx ^ X r-fl 

J-(a+L)47reQ J-(fl+L) 







Fig. 2.6. 
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To find the electric field at a point to one side of the rod we 
can not write relation (20), as due to each segment of the rod 
will point in a difierent direction (Fig 2.6). The y — component 

AEy=AE cos 6, 

As all the ^'“components are in the same direction, thus 




AE cqs6 


XAxcos$ fi'H-o A dx cos 0 


S ^Axcos$ r 

47rSor^ "J 


Ant, 


Unfortunately, there are three variables {x, r and ^). To con- 
vert in one let us use the relation and cos 6=^blr. 


/. I 


Xb 


dx 


\b 


Antr. Ant, 






Ld 




L+a 




...( 22 ) 


The X — component of E can be obtained in the similar way. 



AE sine 



L+a 


xdx 


4neo 


1 


4ne. 




+ 


1 


(a^+b^)i/2 


] ...(23) 


This relation shows that E^=0 for a=— Ljl or on the points 
lying on the perpendicular bisector of the rod. For these points, 
the value of A^'® due to the left hand segment cancels the AEa due 
to the right hand segment at the same distance. 

Another interesting property of the result will be obtained 

when point P is very far from rod, i.e., In this case 




_ _ q 


Anzn b^ 


Ane^b^ 


and £'a.=0 


•..(24) 


This relation is same as due to a point charge < 7 (=AL) It is 
from1a?’away ^ ^ 

In the special case when the rod is of infinite leneth the field 

can be obtained by integrating with in the limits x’=—oo to 
JC= + oc and the result will be umiis x oo to 


ing a 



E^=^\l2ntjb and £’,=0. 

ed Loop. Consider a circular 
m charge A per unit length. 


...(25) 

loop of radius a carry- 
It is very difficult to 
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compute E at any point in the 
space, however easy at points 
on its axis. Let us divide the 
loop in very small segments so 
that each segment can be assu- 
med as a point charge. The 
electric field at a point P on 
the axis of the loop at a dis- 
tance X from its centre due to 
the charge on the segment of 
length 8/ (Fig. 2.7) is given by 

A r * I 



- _ 



Fig. 2J. 


4nB. 


o 

/■- 


Its direction is along the line from 8/ to point P. The contribu- 
ions to E of the various parts of the ring vvill be in different direc- 
tions. The y-component cancels with the contribution due to 
the oppositely placed element of the loop and the net ;^-component 
is thus zero. The resultant field E will therefore be 



X dl 


cos 6. 


Using relations and cos 9—xlr, we get 

X X r .. X x.lna 




47te(, {a-+x^fi‘^ 

qx 


r 


(a^+x^)^ 


/2 


(as ^=27rflX) 


...(26) 


fieldyjtt a 
bution of 


At x = oo, the field will thus be same as due to a point charge. 

nfinite Plane Distribution of Charge. Let us find the 
int P, a height z above an infinite plane distri- 

charge density a. For this, 
let us consider a charge ele- 
ment A*5 at any point on the 
plane at a distance r from 
point P with the co-ordinates 
X, yy 0. (Fig 2.8). 


cnarge of uniform 



Hence field due to 
element AS is given by 


this 


AE=: 


1 <tAS 


4m. 


2 


AEz 




4tzz 


0 


All 


Fig, 2.8. 

the 


(JzAxAy 


47zto(x^+y^+z^fl^^ 
components along the 2 -direction are added 
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while perpendicular components are cancelled due to the symmetry 
of the plane of infinite size. Hence the total electric field due to 
the infinite plane of charge 


47re, 


4T:e, 



+00 


00 


dy 


2z <T 


y^+z 


2 \ 


2e, 


..-(27) 


Thus we see that the field strength at a point outside an 
infinite plane distribution of charge is independent of the distance 
z of P from the plane and is in the opposite direction on the other 
side of the plane and hence suffers a discontinuity at the plane. 

The above relation can also be obtained by dividing the plane 
in circular rings. We leave it as an exercise for the students. 

Tfr^harged Disc. Let us calculate the field strength on the 
axis /T>f a disc of radius R, at a distance x from its centre O. For 
this let us divide the disc into annular rings. The field at a point P 
(Fig 2.9) due to charge element on the annular ring of radius a 
and of thickness Sj is given by 



AE 


J. 

Ant, 




r. 


Its component along the 
axis of the disc or along the x 
direction 




1 


47te, 


erSj X 
2 


For reasons of symmetry^, 
the total field is along x-direc- 
tion and is obtained by adding vectorially or by integrating. Assum- 
ing that the surface density of charge ff is a function of the distance 
from the centre of the disc, i.e,,a=ba, where is a constant of 
proportionality. 




1 


R 


xba 


Jo 


I 1 1.' 


da 




t[ 




If the surface density of charge «r is constant, then 


R I 


(28> 


" 2^ [ ' 


4Tre 



X lizada 

(x^+a^yp 


+ R2)l/2 


(29> 
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OF ELECTRIC FIELD ON A POINT CHARGE 

[enforce F on a charged particle of mass m and charge q due 
to ^ electric field of strength E is given by 



F=^E. 

This force will produce an accelera^on 
particle, given by v- 

a=F/m=(^//M)E. 


...(30) 
in the charged 


...(31) 


This acceleration is of charged particle placed, not of that due 
to which the electric field E is. For example, the earth’s gravita- 
tional field can not have any effect on the earth but only on a 
second body, say a stone, placed in that field. 


2^;x^INES OF FORCE 

^^When the vector E is known for all points in an electric field, 
the field is completely specified. The direction and magnitude of 
field at any point indicate how a small charge would begin to 
move if put there. By following this direction from point to point 
curves are obtained. These are termed as lines of force. Thus the 
line offeree in an electric field is a curv e such that the tangent at any 
polrtTOTrit gives the- dir e ction of the resultant electric field strength at 
that point, f This is also the path on which a test charge will tend to 
move, if free to move. 

These Hoes are imaginary, their existence can be shown by 
sprinkling 'saw dnstoor gypsum salt in the electrostatic field. These 
particles acquirtretrarges and place themselves along the lines of 
force; The properties of electric lines of force are^ 


1. No line of force originates or terminates in the space 

surrounding a charge. Every line of force is a continuous and 
smoj oth curve originating fro3i a positive charge and ending on a 
negative charged ^ . 

2. The tangef^t to a line of force at any point gives the direc- 
tion of E at that point. 

3. They do not pass but leave or end on a charged conductor 
normally when the charges on the conductor are in equilibrium. 
Suppose the lines of force are not J. to the conductor surface. In 
this situation the component of electric field || to the surface would 
cause the electrons to move and would therefore give rise to a cur- 
rent. Since there is no current on the surface, hence lines of force 
are always J_ to the conductor surface. 

X 

4. Lines of force never intersect. If it happens then we say 
that at the point of intersection the electric intensity is zero, other- 
wise it would have to be tangential to two different curves at the 
same instance which is impossible. 
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5, The number per unit area crossing a surface at right angle 

to the field direction at every point is proportional to the electric 

intensity. Hence the lines of force are closely spaced where the 

intensity is large and are widely separated where the intensity is 
small. ^ 

6. They repel each other in the case of two like charges. 



Fig. 2.10. 

The direction of lines of force in two cases are shown in 
Fig. 2.10. 

We define unit field (1 NIC) arbitrarily as corresponding to 

unit density of lines of force (one line/m^). To determine the num- 

oer of lines per unit charge, let us draw a spherical surface of radius 

r around the charge q as its centre. The electric field F at the 

surface is given by E=ql4nsgr». As the density of lines of force is 

the total number of lines of force originating at q and cross- 

.^P^^^l'^^l/urface will be 4nr^E=qlz„. Hence the number of 
lines originating from a unit charge is Ijt^. 

■ . linss of force are very useful as they give qualitative 

picture of the electric field distribution. There is a simple connec- 

f inverse square law. We know 

that the density of lines at r meter from an isolated charge q is 

. As the area of the spherical surface subtended by a^ bundle 
of lines originating from the point charge is four times greater for a 

H ^ “c V away than for a surface at r meter distance. Thus 
the density of lines of force at 2r meter is just one quarter that at r 
meter in agreement with the value from inverse square law 

2.7. SOLID ANGLE 

ancle analogue in three dimensions of the usual 

angle in two dimensions. In two dimensions, the unit angle is the 
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angle subtended by an arc of length equal to its radius and is known 
as radian. In three dimensions, a given area on a sphere subtends 
a certain solid angle at the centre. The unit solid angle is that 
subtended at the centre of a sphere by an area r* and is known as 
steradian. Since total surface area of the sphere is 47rr^, hence the 
total solid angle subtended at its centre is 47r steradians. 






iT. T 1 


In Fig. 2.11, and dS’ sub- 
tend the same solid angle. Thus 
the solid angle subtended by 
any surface dS at a point O a 
distance r away is given by 

where dS cosQ {~dS') is the 
projection of the surface dS 
perpendicular to the radius 
vectorf^omtlie^oint O. 

LAW 

Consider a single positive point charge q surrounded by a 
closed surface of arbitrary shape, as shown in Fig. 2.12. The electric 





Fig. 2.11. 



Fig. 2.12. 

intensity E at every point of the surface is directed radially outward 
from the charge. Let us consider any sufficiently small area dS of 
the surface for which E can be considered to have same magnitude 
and direction. If B be the angle between E and the outward normal 
to the surface at any point of this area. The product the com- 
ponent of E normal to the surface, and the area dS is 

En dS=E cos 0 -X cos 6 dS. 

^tcsq r 

As dS cos 6lr^ can be replaced by the term solid angle dot 
subtended at the charge q by the area dS^ hence 

£„ ^/5=(g/47tfo) dw. 
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If the surface is continuous we can integrate both sides of this 
equation over the entire closed surface and so we have 

a I 

En dS=—~ (pdct). 

47teo J 



8 


Regardless of the shape or size of the closed surface^ 
f rfa>=Total solid angle surrounding the charge 





8 


E„ dS=-r^- 4 ^: = -^- 

47reo Eo 


As the product E„ dS=E cos 6 dS=E.dS, hence we have 

I, E.dS=qlsg. ■ ...(33) 

If the point charge is negative the field E is directed radially 
inward, the angle 6 is greater than 90 ° or E„ is negative. The 
surface integral is thus negative. Hence the form of Eq.( 33 ) is 
correct whatever be the sign of the charge. 

When the point lies outside the surface, every elementary 

cone from O cuts the surface 
an even number of times. 
Let us draw a cone of solid 
angle dco at point O, inter- 
cepting areas BSo, SSg, 

^*^5 and at points A, 
B, C, £>, E and F respectively. 
The corresponding outward 
normal over these areas are 
shown in Fig. 2 . 13 . The 
angles 6 ^ and ^5 are obtuse 

and ^a* ^4 ^nd 6 q are acute. 
Thus 



cos 01= 


8^2 


cos ^2=etc. 


to 

S 5 i cos dro ; 85„ cos dco ; ...etc. 

face imegral is^^ from these six (say) areas to the sur- 

Ei cos cos 0a SS'a+f, cos 0, 85'g+£'4 cos 0^ 854+... 

=■4^^* (~r,^dc.)+.. 

~ 4Tceg ^~‘^‘^+dco-dco-\-d(o—d(o+dco] = 0. ...(34) 

Po ‘Closed surface is zero hence the 

-ve or'ze^o ‘ ® the charge inside the surface is +ve. 
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Any arbitrary distribution of charges can be assumed as a 
system of point charges. We can use Eq. (33) for each point 
charge and sum over all charges. In this case charge q is equal to 
£g or more accurately Jp dV. Thus 



E.^/S==— [ 9dV. ...(35) 

^0 Jv 

This is the equation which expresses Gauss’s law : The surface 
integral of the normal component of electric field E over any closed 
surface in an electrostatic field equals y/e© times the total charge 
enclosed by the surface. 


The left hand side of Eq. (35) is called the flux of E across 
the surface and is represented by Thus 



The term flux is borrowed from hydrodynamics, where a simi- 
lar integral in which E is replaced by the -velocity vector v gives 
the net flow of fluid across a surface. The Gauss’s law can now be 
stated as : the outward flux of electric field across a closed surface 
equals I/sq times the net charge contained in the volume enclosed by 
the surface. 

In terms of electric displacement density D (to be defined 
later), which is equal to EqE, the Gauss’s law can be stated as ; the 
net outward electric displacement through a closed surface is equal to 
the net charge contained in the volume enclosed by the surface^ /.e., 

isD.dS^ivpdV, ' ...(37) 


Gauss’s law can also be written in the other form by using 
divergence theorem §& . dS=iv V . D dV, 

as Jv V ,DdV=iy9dV. ...(38) 

This holds for any volume whatsoever. As the volume consi- 
dered is reduced to an elementary volume, this becomes the point 

relation 


7 . D=p. ...(39) 

i e., at every point in^^a medium the divergence of electric displacement 
is equal to the charge density at that point. 

''^Graphical Interpretation of Gauss’s Law. For a flow 
field the flux is measured by the number of stream lines that cut 
through such a surface. As the number of electric lines of force 
per unit area at right angles to their direction is proportional to E, 
the surface integral of E over a closed surface is proportional 
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to the total Dumber of lines of force crossing the surface in an out- 
ward direction. The total number of lines of force is also propor- 
tional to the net charge within the surface. 

For closed surfaces 0 is positive if the lines of force point out- 
ward everywhere (E is outward every where, ^<90® and E.t/S will 

be positive) and negative if they 
point inward (E is inward every 
where, ^>90® and E . dS will be 
negative). Let us consider two 
equal and opposite point charges 
and their lines of forces as 
shown in Fig. 2.14. From the 
statement just given, 0 is positive 
for surface and is negative 
for surface Surface S 4 en- 
closes both charges. The net 
number of lines of force cross- 
ing in an outward direction is 
zero and the net charge inside 
the closed surface is also zero. 
Similarly in surface number 

of lines of force in inward dire- 
ction is same as those in out- 
ward direction or the net num- 
ber of outward lines offeree is 
zero. The charge inside this sur- 
^ 2 ce is also zero. In this way it 
law is correct whatsoever be the charge inside 



Fig, 2,14. 

is clear that Gauss’s 
the closed surface. 


r A%G 


LIGATIONS OF GAUSS’S LAW 
, Gauss’s law does not provide expression for E but provides 

in such a way that the surface integral may be replaced by a preset 
of which E IS a factor. Let us discuss few simple cases : 

* O' .J 1 ® electric field due to a point charge 

IS everywhere radial. Its magnitude is the same at all points aMhS 

same distance r from the charge. Hence we select gauLan surface 
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§s E . dS=§BEndS=^ES=4nr- E. 

But from Gauss’s law it 
should be I/eq times the total 
charge inside the gaussian sur- 
face. Hence 


or 


4nr^E=gle^ 



E 


47ce 


ra 


...( 40 ) 




Fig. 2.J5. 

on the point charge if placed on this surface, 
i.e., at a distance r from point charge q is then 

The force is acting in radially outward direction, hence can. 

be represented vectorially as t ...( 41 ) 

It is nothing but Coulomb's law. 

uniformly charged 

everv nnint ic ^ charged to q units, the charge density p at 

as thft f P°'nt P has the same symmetry 

bv drawing a ron J^bus we can construct gaussian surface 

poin Zll u ^"“tre O. At all 

Ss dire?don is Srn® h® of electric field is the same and 

KS airection is perpendicular to the surface. Thus 

§3 E.dS=§s EndS=E47zr^ and from Gauss’s law 


47ur2£ 


_ ^ 


or E 


1 


'0 4;cEo r 

field at any external point due to a uniformly 
ceSr' « conceitrated 


1 

2 


...( 42 ) 
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At the surface of sphere r=R, the electric field 


E 


_J i 

47te„ 


...(43) 


For the field inside the charged sphere let us draw gaussian 
surface of radius r{<R), as shown in Fig. 2.16 (b). Thus 

E.dS=js EndS-=Anr'^ E 


and from Gauss’s law 


4jir^£=g7®o» 


where q' is that part of charge which is with in the sphere of radius 
r. The part of q that lies outside this sphere makes no contribution 
to E at the surface of sphere of radius r. If p is the volume density 
of the charge which is constant, then 


Trr^p 


■nr 


31 _ 






’Anr'E 


(i) 


or E 


1 qr 


47ce„ R 


In vector from 


47teo jR 


•»{44) 


From Eqs (42), (43), and (44), it is clear that the electric field 
due to a uniformly chaic.d sphere at the surface is maximum and is 
zerarjt th.: centre [Fig. 2. 6 (c)). 

, (C) ^liJsolated uniformly charged spherical conductor. 

In an isolaied charged sp lei icnl conduct t any e\ e^s charge on it 
is disiri''uted uniformly ov.r its outer su'fiCc and there is no charge 
inside it. H-nce ihi'i problem is ^ame us th: t of charged splierical 
sh'll or hollow sphere. As in the previous c i>e, the field at exter- 
nal p '’inis h.is the sanu' svmnvvfry as that of a point charge so we 
can consiriict a gausM m s j fjce t'f radius r> R. The elecftic inten- 
sity calculated, as in t ie previous cas.‘, is civeu by the relation 




\ 


47r£o T 


2 » 


...(45) 


It is same as due to the uniformly charged sphere or the poi 
-barge of same magnitude if placed at the centre. 

At the surface r=/?, 


£= ^ 


...( 46 ) 
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At all points inside the charged spherical conductor or hollow 

spherical shell, electric field E=0 as there is no charge inside such 
A sphere. 

(Pp^lharged cylindrical condactor of infinite length. 

If the cylinder (say a wire) is long and of radus R and we are not 

too near to either end, then by symmetry the lines of force outside 

the cylinder are radial and perpendicular to its surface. The electric 

field has the same magnitude at all points at the same radial 

distance. Let us draw an imaginary co-axial cylinder (a gaussian 

surface) of length / through any point at a distance r from the axis 

of the cylinder as shown in Fig 2,17. Lines of force are parallel 

to the circular caps, hence there is no component of electric field 

normal to the end faces (the circular caps). Thus flux through 

these faces is zero and the total flux is due to curved surface only. 

If X is the charge per unit length, i.e., linear charge density, the 

charge with in the gaussian surface will be XL Thus for the curved 
surface 


^ j E. d/S=| j Eds = Elnrl 
From Gauss’s law 

or E—Xllnt^r, ...(47) 

If the charge is distribuu-d 
throughoui the volume and 
charge dens' y is p, then 

lizrl E—^{nR^l)I^Q 

or E=oR^l2z^r. 



...(48) 


The electric field inside the chirge i c\Iindcr will be zero if 

The charge IS on i\s surface only, as net 
t-harjo jii the g.i'issian surUc: nrough tliis 
point is z.TO. Tae c.i>e is d lL-reni'' whjo 
the eL'etnc charge disir-Uit-.i a iTonnlv 
wi ii in the cyltnd-r of r.i Juis R. To fi id E 
ar an inner point }\ a dis’ance r ap.ii t i'loiii 
the aX'S of :he cvhiuler, let u> draa' a cans- 
S! in surface parsing thro jgh l\ which" is a 
cyt-nder ol length / and of radius r 
(Fig 2^^18), As the flat surfaces do not con- 
tribute to the flux and th - flux is due to the 
curved suTace tor which E )s_L to the sur- 
face or j| to the surface vector dS, Hence 
from Gauss’s law we have 



Fig, 2.18. 


f B E.dS=f s EdS=E 

The charge g' inside this gaussian surface =7cr*/p 
E27cr/— Tcr^/p/e^, or i&=rp/2e^. 
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Thus the electric intensity at a point inside an infinite 
uniformly charged cylinder is radially directed and varies as the 
distance from its axis. At r=J?, relations (48) and (49) give the 
same result. The field decreases at points outside. 


Here we see that the electric field due to a charged cylinder 
does not depend upon its radius, hence we can say that it is same 
as though the charge on the cylinder were concentrated in a line 
along its axis. It is right to state that the electric field so calculated 
is due to the entire charge on the cylinder although only a portion, 
of total charge is used when we apply Gauss’s law- We can very 
well understand that the existence of the entire charge on the 
cylinder is taken into account indirectly by considering the 
symmetry of the problem. If the cylinder is of small length we 
can not conclude that the field at one end of cylinder is same as at 
the centre or the field is symmetric. It means that the lines of force 
are everywhere not perpendicular to the cylinder. In this way tha 
entire charge is used indirectly by taking field symmetry. 


(E) In finite plane sheet of charge, 

portiom ot a^fiat thin sheet, infinite in size 
witl^he constant surface charge density a. 

By symmetry, since the sheet is infinite, the 
field must have the same magnitude and 
the opposite directions at two points equi- 
distant from the sheet on opposite sides. E 
To solve the given problem let us draw a 
cylinder A (gaussian surface) with one end 
on one side and other end on the other 
side and of cross sectional area S, No lines 
of force cross the cylindrical wall, /.e., the 
component of E normal to curved surface 
is zero. Thus the surface integral ofE. dS 
over the entire surface of cylinder is reduced to 
due to side surfaces. Hence Eq. (33) becomes 


Fig. 2.19 shows a 



Fig. 2J9 

the surface integral 


• • 


E.</S= 9 /eo or EdS+j) ^EdS=GSlto. 


2ES=aSl Eq or £■« a /2en . 



Thus we see that the magnitude of the field is independent of 
the distance from the sheet. Practically an infinite sheet of charge 
does not exist. These results are correct for real charge sheets if 
Joints under consideration are not near the edges and the distances 
the sh eet are small compared to the dimensions of sheet. 

J (F) Infinite charged conducting plate. When a charge is 

given to a conducting plate, it distributes itself over the entire outer 
surface of the plate. The surface density of charge a is uniform and 
is the same on both surfaces if plate is of uniform thicknses and of 
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the 


infioite size. The electric field at any point thus arises fro 
superposition of the fields of two 
sheets of charge, one on each sur- 
face of the plate. By symmetry it 
is very easy to say that the field is 
perpendicular to the plate and is 
in outward direction if the charge 
on the plate is positive and uni- 
form. Draw a cylinder through 
any point P, as shown in Fig. 2.20, 
normal to the plate surface and 
cross sectional area S. The other 
end face ot the cylinder lies inside 
the conductor. This face does not 
contribute to the flux as the field 

inside the conductor is zero. Curved surface of the cylinder also 
does not contribute to the flux as E is parallel to the curved surface. 
Thus the only face is the outside end face which contributes to the 
iiux as E IS X to this surface. Hence from Gauss’s law 



Fig. 2.20, 


dS = qlzg otS 


• 4 


E=clea. 


-(51) 


1 . Jhis result shows that the field due to charged conducting 
plate IS twjce the field due to plane sheet of charge. It also has 
.5ame limitations. 


(G) 



ctric 



Fig. 2.2L 


intensity between oppositely charged 

parallel plates. When two 
plane parallel infinite conduct- 
ing plates, separated by a dis- 
tance, are given equal and 
opposite charges, the field is 
uniform in the space between 
them. There is a small quantity 
of charge on the outer surfaces 
of the plates and a certain 
spreading or fringing (edge 
effect) of the field at the edges 

can assume 
fringing negligible as the plates 
are of the infinite size. Thus 
the field between plates can be 
taken as uniform. 


and let the otherTnd oV*th1^cvl^nd^e^T^ *wo plates 

SPlale and crossing an S'a^i ?hro-M ' “"'‘“'"S 

6 au arcd me problem IS same as with an 
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infinite charged conducting plate and the electric field at point P is 
thus given by 

E O’/*®. ..-(52) 

To find the electric intensity at an outside point draw the 
cylinder through the point Q whose second end face lying on the- 
first conductor. It is also clear that the surface of the cylinder 
contributing to the flux is the end face passing through the point Q. 
Hence from Gauss’s law 

j)^ E. EdS=ES={aS-aS)lz^ 


or 


/ 




...(53) 


The electric field at any point due to this system of plates may 
be written as the superposition of the fields due to infinite plane of 
sheets of charge. Therefore at point P, the electric field 

E=Ei+Ea or E=^E^+E^ 

•• E=al2 «o+<y/2£o=ff/so. 

For point Ej and E 2 are antiparallel, hence the net field 

E=0. 

Thus the electric intensity due to two oppositely charged infinite 

p anes s at any point in between the planes and is zero for all 
external poi^s* 

-ulomb s theorem. Consider a charged conductor 
?gujar shape. In general, surface charge density will vary 

^ surface 85 . let us assume it to be a 
consfant. say ff. Let us construct a gaussian surface in the form of 

a cylinder AB of cross section 85, one 
end face of which is inside the con- 
ductor and other passes through a 
point P outside the surface close to 
it, as shown in Fig. 2.22, The end face 
B does not contribute to flux as E is 
zero everywhere inside the conductor. 
The curved surface also does not 
contribute to the flux as E is always 
normal to the charged conductor and 
hence parallel to the curved surface. 
Thus the only contribution to the flux 
is through the end face A which is out- 
side the conductor. Thus from Gauss’s- 
law 





Conduct 

Fig. 2.22. 


is E.dS=#j EdS=ESS= 



E==al*a. 


or 


...(54>> 
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This agrees with the results already obtained for spherical. 

^Imdrical and plane surfaces and is known as Coulomb^s theorem. 

This theorem states that the electric intensity at any point close to 

the charged conductor is I/sq times the surface density of charge on 
the surface. 



TRIG FIELD AND CHARGE IN CONDUCTORS 

Remembering that the conductors possess free electrons. If 

a rpultant electric field exists in the conductor, these free charges 
will experience a force which will set a current flow. When no 
current flows, the resultant force and the electric field must be zero. 

Thus, under electrostatic conditions, the value ofE at all points 

within a conductor is zero. This idea, together with the Gauss’s 
law can be used to prove several interesting facts. 


(/) Consider a charged conductor carrying a charge Q and no 
currents are flowing in it. Now consider a gaussian surface inside 
the conductor, everywhere on which E=0. Thus from Gauss’s law 

§sE,dS=^iljeQ) Eq, 

set Eq=0 as ...(55) 

Thic charges inside the gaussian surface is zero. 

taken just inside the surface of the conductor, 
condnt^t^^ charge on the conductor must be on the surface of the 

chnro^ other words, under eleArostatic conditions, the excess 

on a conductor resides on its outer surface. 



Goussion 
surfocc 4 



Gausston 
Surfoce 6 


Fig. 2.23. 


T a charge Q suspended in a cavity in a conductor 

caJity). gaussian surface A (within; the 


§sE . rfS=(l/e„) i:q=Q/f,. 

ducto?° E-o"nn inside the con- 


fsE . <fS=(l/ej) gives 


...( 56 )< 
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This concludes that a charge of — Q must reside on the metal 
surface of the cavity and thus the sum of this induced charge —Q 
and the original charge Q is zero. In other words, a charge Q sus- 
pended inside a cavity in a conductor induces an equal and opposite 
charge —Q on the surface of the cavity. 


(m) The same line of approach can be 
field inside the cavity of a conductor is zero 
pended in it. 


used to show that the 
when no charge is sus- 


(iv) As field inside the conductor is zero, the lines of flux com- 
ing from Q cannot penetrate into the metal and must terminate on 
the surface of the cavity. Since lines of flux terminate on negative 

charge only, hence an equal negative charge must be induced on the 
surface of the cavity. 




ELD INSIDE A HOLLOW CONDUCTOR 


X Let us calculate the field at any point C inside a uniformly 
charged hollow sphere (spherical shell). The field at point C is 
obtained by taking the vector sum- 
of all the contributions at this 
point. Draw through C a double 
cone of infinitesimal solid angle 
i>w cutting out areas dS^ and dSi 
of the spherical shell at distances 
ri and rg from point C. From the 

properties of solid angles, we know 
that 


O) 


=ai=«s=^ 


dSi cos B 


2 





dS^ cos $2 


xieht angles, the angle between the surface and the 

Tight section of the cone, 0, and 0, are equal, hence 

ads^ 

If the inverse square law holds, the components of the field at 



...(57) 


C are 




1 adS, 


and 

47te„ 


1 adS. 


•0 M - - 

and are in opposite directions. Thus we see that A P anH a p 
po^nt C d^^o°' the^ mrtkPr*'*® indirections, hence the field at 
ythe pair of equal and opposite elements of solid angles, is 
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Fig. 2.25, 
repeated his ex- 


zero. Similarly the remaining surface of the sphere can be divided 
into pairs of elements, hence the electric field at point C due to the 
whole charge on the shell comes out to be zero. 

Thus we see that the resultant electric intensity at this point 
C is zero, if the inverse square law holds good. Therefore ihe 
inverse square law is proved if electric field 
inside the charged shell is zero. This was ex- 
perimentally shown by Cavendish. In his ex- 
periment a conducting sphere A was support- 
ed inside a bigger concentric sphere B, The^^e 
were insulated from each other. The outer 
sphere B was first charged and connected with 
sphere A with the help of a wire H. Tne 
connection between these spheres was broken 
and the residual charge on the inner sphere 
was tested by electroscope. No charge was 
found on the sphere A. Thus he proved that 
the exponent n in the force (i.e. power of r in 

the relation for electric field) law was two. He 

periment many times and found that n was between 2.02 and 1,98. 
Cavendish did not publish his results so that almost no body knew 
about them at that time. Maxwell repeated Cavendish’s experi- 
ment with more accuracy and obtained values as2i5xl0"^. In 
1936, Plimpton and Lawton repeated the experiment again and set 
the limits as 2±2x 10~®. Thus we see that the inverse square law 
is correct, but not exactly. 

2.12. MECHANICAL FORCE ON THE CHARGED 

^DOCTOR 

We kn?yw that similar charges repel each other, hence the 
charge on any part of surface of the conductor is repelled by the 
charge on its remaining part. The surface 
of the conductor thus experiences a 
mechanical force as the charge is bound 
to the surface, 'ihe electric intensity ai 
any point P near the conductor surface 
can beassumed as due to the small part 
of the surface of area say BS immedia- 
tely in the neighbourhood of the point 
under consideration and due to the rest 
of the surface. Let Ej and Eg be the 
electric intensities due to these parts 
respectively. We know from Coulomb’s 

theorem that the total electric field E (=Ei+E 2 ) has magnitude (ffia 
at any point P just outside the conductor and is zero at point Q 
just inside the conductor, i.e.. 



Fig. 2.26. 




=ff/i 


and 


« 

• • 


Ei=E^=a]2£Q. 


=0 


at point P 
at point Q 
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d.e r" 

ahSEi^ohS o/2Eo=(T*85/2eo. 

ductor “"chanical force per unit area on the charged con- 


«V2e„=(e„^)72£„=e„£2/2. 


...(59) 


normal. If the imed'ium™h*'^of along the outdrawn 

tion becomes of dielectnc constant A:, the above rela- 

Outward mechanical force/area *=J 

in a d^^ectric^u'cbTreed *a ‘In a conductor situated 

done xTSinc/r^olu^rsLo^^ 

energy stored up in unit volume of the mediJ!^ is““' 


^okE^, joule //M^ 


...(60> 


^et us consider few applications of the mechanical force. 

proved in mechanics 

to surface tension T is giveTby^* ^ 

P=47’/r. 

lechanical pre^surV* given a charge q, then the outward 


a 

2e, 



£ 
47rr^ 



• • 


Net excess of pressure 


llTzH^r 



327z\r^ 


T 

l2Sn%, 


...(61 


bubblJ decreLe? and thtrefS’W^h °f 

crease in radius ^ SSt " 


We know that Pa l/F or Pccl/r* (=k/r»). 


dP 

dr 


3k 

r* 


dP. 
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As change in pressure due to charge q. dP=iqy32n%r*), hence 


dr= 


qi 


3P 32’t^Eo'-* “ 96so7t-/>r3 


...(62) 


(//) Formation of a cloud on charged particles. We have 

tinn tension helps in the contrac- 

pivpn *^®/"ward pressure is ITjr. If charge q is 

rhartYA ■ outward mechanical pressure due to this 

the greater than the former, 

harnT contracting. On the other 

larap thVf <^^op is uncharged, i.e,, the former is very 

Iv smili 'uncharged particles is extreme- 

van^ur charged particle present in saturated 

Thus a ^riridenly cooled, drops of finite size will be formed. 

presence nf ru^ ^-saturated vapour may be used to detect the 
Wilson principle was used by C.T.R. 

the aDoaratn. Tu radioactive particles. The discussion of 

the limit oHhis book, ’ Chamber is beyond 

determination of electronic charge 

J the electronic charge was made 

’ilson and^n^ “*^^1 a method developed by C.T.R. 

based on the ^ °°t by H.A. Wilson. The method was 

formed on charged • be 

do^Ii with ?ceSn°“^ This cloud falls 

value of V wa/ ''^locity was observed and the 

higher than thp St value so obtained was 40% 

mgner than the standard value determined later. 

nature of S, not only demonstrated the discrete 

SrarfndSnat'^^’f^f the correct value of the charge 

parallel hori 7 r»nt i ^ experiment two actually 

al metal plates A and B are insulated from each 



Fig. 2.27. 
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other and separated by ebonite or glass pieces of thickness about a 
®tn. Potential difference is applied between these plates by connec- 
ting a power supply through a reversing switch with the help of 
which the direction of electric current can be changed or can be 
set zero. The upper plate A has some fine holes, through which few 
of the droplets of a non-volatile oil from an atomiser are allowed to 
fall. A majority of these drops becomes charged by friction at the 
atomiser nozzle during the time of spray. The droplets, illuminated 
by the light beam, appear as tiny bright stars falling slowly with a 
^rminal velocity governed by their weights, viscous force and by 
buoyant force. These droplets are observed through a microscope M 
whose eyepiece carries a micrometer scale at the position of cross 
wires to measure the distance travelled by the droplets. 

When electric field is not applied, a drop falls down under 

gravity, opposed by the viscous force and bouyancy force and 

acquires a steady terminal velocity v. If a be the radius of the oil 

drop, p the density of oil and o the density of air then by Stokes 
law, we get 


or 


Viscous force 6 ir y) a v=Appareat weight of the drop 

= g— 

a=[9y)v/2(p-ci)gy'% 


...( 63 ) 

If the charge on the droplet is n times the electronic charge, 
denoted by e, and the plates are maintained at a potential difference 
V such that E {—Vjd) is in downward direction. The force 
on the vely charged drop will be in upward direction and having 
value neE or neVjd. On the other hand the downward velocity 
of+vel^y charged droplets will increase further and the velocity 
ot uncharged particles remains same. If one of these droplets is 
selected for observations. Firstly this droplet is allowed to move 
under the electric field. This field is so chosen that the droplet 
moves with a constant velocity, known as terminal velocity. The 
ve ocity V is measured with the help of a stop-watch. In equili- 
brium, downward forces=upward forces, i.e., 

tna^Pg — -f 6:r»)av' -f neE 

neE=g7’:a^(p~a) g— 67rif)av'=67rr)a[v— v'J 
ne=9v'27rY)»'2 (p-c)-^E g- 1/2 v^'-^(v~v')lE 


or 




2v)« 




-]l/2 yl/2 


...( 64 ) 


The value of ne is calculated for each set separately by obser- 
M fleScSn^^ droplets in the presence and in the^abLnce of 

vie highest common factor of all such values. Milikan measured 
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the charges of some thousands of drops and found that the charge 
on any one droplet was integral multiple of a basic charge e. He 
gave the value of e as 1.60207 x 10’^® coulomb. 

Exercises 


Example 1. Prove that the gravitational force is negligible in 
comparison to electrostatic force in the hydrogen atom in which ihc 
electron and the proton are about 5.3xl0~^^ meter apart. 

From Coulomb’s law, the electrostatic force between electron 
and proton 








0 


=(9.0 X 10» newton. mVcouP) 


(5.3x10"^^ meter)- 

= 8.2 X 10"® newton. 

From gravitational law, the gravitational force 


F,= G— 

r- 

= (6-7xl0-« N.m-lkg^) kg ) 

(5.3x10-11 meter)" 

— 3.69x newton. 

which is about 10“®® times smaller than the electrostatic force, 
thus can be neglected in comparison to the latter in nuclear or 
atomic problems. 

Example 2. Two pitch balls ^ each weight 100 mg and suspen- 
edfrom the same point by silk threads, 30 cms, long, are equally 
charged and repel each other to a distance of 10 cms. What is the 
charge on each ball ? 

Let two pitch balls each having a charge q are suspended from 
the same point P, Due to repulsive force they are at a distance r 
apart. Each ball is acted upon 
by following forces : 

(a) Its weight acting vertically 
downward 

mg=100xl0-«kg.X9.8 meter/sec- 
=9.8 X 10"^ newton. 

(b) Force of repulsion acting 
along F 


F=: 


47r£o r 


9x 10® nt m2 


X 


9 - 


couF " (0.1 metre)2 
=9 X 10^^ q- newton. 

(c) The tension T of the string 
acting along the string, along T. 



Fig. 2.28 
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point of SspSonp“wnrbe any point say 


or 


mg (r/ 2 ) sin g-F(rl 2 ) cos 0 or F=mg tan 0 
9 X 10“ ^*=9.8 X 10-< 5 xl 0 -i 

(30’*— 5*)i/2x 10~* 

9’“=1.841 X 10-“ and 9=1.375x 10"* coulomb. 


mTFo-* ^andifxfo-o ^ charges of 16 K 

md^ respuMy. Find ,ke lntensl!ff,ZfMt‘'poM A ° 

to ice Hs e!5?o by^the reS? ^ 



1 


where r isalon^ r increasing. 


As E is a vector quantity, 
the total intensity at B is the 
vector sum of three intensities 
due to charges at A, C and D 
where ’ 



47 r£ 


0 r 


Fig 2.29, 


OviniN/- 1 ^x 10 "® 

JXIO X --(r7yj;r-=9xl0< along AB 


t 0 04 ) 

Ec=9 X 10»x —1 


and 


^d= 9 xl 0 ®x 


0 . 04 ) 

?1 X I"- 9 


9 xl 0 ^aIoa'! QC 


“ X 10 alon^ DB 


Resultant intensity E-=E^+E„ + Ei. 

^=ViEaF+E,^)r.^[(E, + E, cos 4 Sr~i-{E,~^Ed sin 45 ^] 

— VlFa^+Ed^ + Ec^+l Ed (Ea cos 45° — ZTc sin 45'’)] 
9\/3x 10^ newtons/coul. 
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and tan ^ _ _E,-Easm 45° (1-1/V2)9X10« 

Em Ea+Ei COS 45° (1 + 1 /v'2)9 X 1 0« 

=0.171 

or «=9® 44'. 

Example 4. An electron is constrained to move along the axis 
of the ring of charge q and of radius a. Show that the electron can 
perform oscillations whose frequency is given by 


to=V«^/47reg ma^. 

Electric intensity E at a point P on the ir 

StSnS^ distance X from its centre, as given in article 2.4^1 


£= 


1 


qx 




...(26) 


It is along the axis of the ring. 

The force on the electron if placeij at point P 

P^qexIUtQ 


W 



d^xfclt 



Fjm 


X 





Exan^tple.S. Show the variati n of electrir . 

posuivi chjrgj in the ^.,old ato n .'Z - 79). ^ 

Gold atom is spherical and is of radius I y lo-i® 
positive charge of the atom is / . x ! 6 x lo-i» ' ul .Z ' 
butcd uni ormly wiihin the nudes of radius 6 9 x 

iKc eerie iinen iiyoutsi.eth. nucleus is given ' by 't„e rcTat on 


. 

" 4-r 

At the surface of atom r=]0~i“ meter 

jg x IQ. n t. mVcoul^ ) (79x 1.6xl0-« coul) 

( 10“^®^eter)® 

= 1.14 X 10^* nt/coul. 
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At the nuclear surface r=i?=6.9x IQ-w meter and 

, (9 X 1 0» nt. mVcouP) ('79 X 1 ,6 X I0-i» coul 

(6,9 X 10“^® meter)^ 

=2.39X10^1 nt./couL 

nucleus the electric intensity is given by thc^ 


Inside 

relation 


the 


£*= — 
Atiz 


s_ 


r. 


It is zero at the centre (r=0) and increasec witH r 


• • • • <» 

In this problem x, y and z are the unit vectors along x v and z 
axes respectively, generally taken as i, j and k. ® ^ 

Since the electric flux is defined as (I)=E.S. The vector 

sur^ce area in the ;r-y plane will be in the direction of the out 
drawn normal, i,e., the z-direction. Therefore 

A 

s=100 z(=100k) 

A A A A 

4)=E-S.=(8:K:+4y+3z). ICO z 
=300 units. 

the If ^ and the radius of 

the arc be a. If the arc is divided into small segments, so that each 

wi 1 work as a point charge. The electric 
at point P due to a segment of length 



AE= 


1 aal 


Am. 


0 

Its jc-component A£',= AE cos 0 will 
be cancelled by the contribution from a 
symmetrically placed AL on the left half of 
the arc, hence net component £'„;=SA£’,r=0. 
Thus the y-component contributes to E 

only. 
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• • 


£=£«= 



A£i 



-z dl sin B. 

47rS(jO^ 


To convert two variables / and B in one. let us use the relation 
a/— fl dQ (arc=radiusX angle subtended by the arc at the centre). 



• • 



sin B dB, 


=A/27T£(ja. 


Example 8. A delectric cylinder of radius a is infinitely lone. 
It IS non-uniformly charged such that volume charge density 9 varies 
directly as the distance from the cylinder. Calculate the electric inten- 
sity due to It, if p is zero at the axis and is on the surface 


net charge within the charged cylinder, let us 
divide It in large number of co-axial thin cylindrical shells. Con- 
Sider a co-axial shell of radii x and x+Sx: and of length / ’ If the 
thickness Sx is very small so that the charge density can be assumed 
as constant at each point on it. Thus the charge on th^ sLll 


Sx p. 

As p varies directly as the distance x, hence 9 
as cx, where c is a constant given by the relation 

ca= 9 , or c= 9 ja. 


can be written 


infensity at any point P can be 
article 2.9 (d). The field E at the point at a 
cylinder is given by 


calculated as given in 
distance r outside the 


E 2Tzrl=-^ 



Charge inside the gaussian surface is the charge on the 

cylSd".°^ 


« t 


=__L_P 

27tr/£o Jo 


27c/cx“ dx — 


ca 


8 


3re, 




At points inside the cylinder, E is given by 


7 




£'=cr73co=p.rV3aso. 
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At the points on the surface of the cylinder, E=^sal3t^ 

In all the cases the field is in radially outward direction. 

Example 9. Calculate the electric field intensity due 
spherical charge distribution, given by 


to 


9-~PoU^rla), when r<a 


and 


9=0 


when r>a. 


Find the value of r for which E is maximum* 


•pu consider a thin spherical shell of radii x and x-^'dx* 

The volume of this shell ^V^Aiix^dx, To calculate electric field 

intensity let us assume a gaussian spherical surface passing through 

the point which is at a distance r from the centre. Using Gauss’s 
law, we get 




Anx^dx. 


.Here integration is between x=0 to x=a, as the whole charge ] 
IS within the gaussian surface. 


or 


j EdS=4Tzr^ £=TrPja»/3eo 
Field inside the charge distribution is given by 


I. 


dS 




integration is between ;c=0 to A:=r, as the charge inside 
the gaussian surface is the charge within the sphere of radius r 


or 


§ EdS^Anr^ 

^0 

E=~^ r T 

"o L 3 4a J 

Electric field E will be maximum, when 

r=2a/3. 


L 3 4aJ. 


d_ 

dr 


^ ° pictured as a spherical 

■rmcleus with charge 4-q and radius a embeded in a much larger sphere 

of negative charge, the electrons. This negative charge is distributed 

uniformly throughout this sphere of radius b. Find the electric field 
intensity outside the nucleus, 
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The total charge inside the gaussian surface passing through 
any point outside the atom is zero, hence by Gauss’s law * 


As surface area dS is always l| to the radius vector, hence E 
■cannot be J_ to dS and thus zero. 

^ inside the atom but outside the nucleus and a di<!- 

tance r apart from the centre of the nucleus, the total charge with- 
in the gaussian sphere is Eq=cf-{iT::r^) p. ® 

4 .In 


£47tr2 




or £= 


4n€ 


0 



The first term is due to the nucleus whifp th#* * 

sents the cancelling field due o dectroL^^^M^^ 

nucleus the second fern, is negligible The nudeST inS'? T 

e'lS'roSs rf?h°=“a°om“' ''■°™ 

S Sf r /"& S/e'ff/t' T' 

plates and is assumed connected to the earth ^ ^ 

ceuiral' pir'dtlyfe Sfas‘‘r,"Sre“,i'',he'ifn'’=s 0?'/““ !'>' 

plate has a net charge+a ^ 



Fig. 2.31 

‘r r . 

. < The same result c^n be obtained by using Gauss’s 

TK gaussian surface shown by the doited lines 
inus.by Gauss’s law. 


law. Con- 
in Fig. 2.31. 
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hencp'^y^ ® gaussian surface is zero^ 

be true only if the charge OE 

on the ^ieft ^ opposite to the charge 

nght side will be equal and opposite to the charge on the right 


of the electric field strength 

the flS’To'f E tbrough'each of tte' ftoes wil “K''‘ 

Charge q is placed at the centre. ‘ 


• • 


0=60s=qlsa or 0s=ql6s, 


In the sccoqcI c&se« tvhen /? ic of ^i. • * 

through each of the three faces meeting at th- ''entices, the flux. 

as E is parallel to these surfaces The flux thm* 

will be same, say 0^. We know o'ber three faces 

originating from charge q passes throimh ^.°®‘C'8bth of the flux 

the cube meeting at the charge include^one^piohth^’ r faces of 
surface drawn with charge q as centre 'Cgbth of the spherical 

.. 30j=-^ -^ , or d>5=— 

bases, (ii) the curved surf Jee^of'a fhht 

centre. ^ ’ ° ^he ^charge q situated at its geometrical 



L electric flux through 

, of the cylioner, let us divide 

tne base (say lower) into large number 
ot conceniricr mgs. The electric field 

betwp^ ^ of an annular ring 

between radii r and r+Sr is ^ 


^ 9/‘^^So(^^+/V4) along OP. 

through a very small element 
of this annular ring is £ cos X area. 
ot the element. As £ cos is same 
or all elements on this annular ring, 
nence the flux through this annular ring 

80 =£ cos 0,27^r8r 


^ q.lTzrSr c-s 6 _ girSr 

^7ttQ{r^~i-r^/4) 4£o(r2+/V4)"/2 


Fig, 2.32 
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• « 


Total flux through the base of the cylinder 


<.= [ 


qlrdr 


0 4so(r2+/V4)3/2 


112 


.i 


+ /V4) 


1/8 j' 


By symmetry the flux through the above base will also be 
'^ame. As the total flux originating from a point charge is always 
hence by Gauss’s law 


^ curff«d“f" 20iases — 


or 


^curved — 


=-5-^r 1- 

'*0 ^0 L 


1/2 


(a2+/V4)i'^ 





2£o(fl' + /V4)*/2 ■ 


Example 14. Calculate 
sham in Fig. 2J3, where 
^00 nt/coul-m^^-. 


electric jlux for a cube of side a as 
Eyi^Eg^Oy a=10 cm and 


^bx^ 



Since the electric field 
:and T'ccmponents are zero. 


is acting only in ^-direction and its y- 
The net electric flux is thus given as 


^ ^ ^lahiturfac6~0 Uft surface 

=SE.dS-^iE.dS 

= {£’a:.fl») -(E^a~) ieft=a^[E2a- Ea\ 


=a^[b 

=6^3®/“ (V2- 1)=800 X (0.1)'^/^ ( ^2- 1) 

= 1.05 mks units. 

^nn V ^he electric field near the earth's surface be 

charn ^ directed downwards, what is the surface density of 

Charge on the earth's surface ? j j 

j^st outside a charged conductor of surface 
Charge density a is given by 

^=ar/eo- 
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1 .^° electric field near the earth’s surface 

meter a charged conductor, is given as 300 volts/ 

s'urfaif “ • ®hLrge In the eanh’s. 


a=eBE=8.85x 10-«X 300=2.66 X 10“® coul/m*. 

^ 16- A gold foil weighing 50 mg per sq cm is placed' 

plate. What would be the density of charge 

so that the foil may just rise ? 

Mechanical force per unit area of a charged plate=CTV2£(,. 

In this problem outward mechanical force is balanced bv the 
force due to the weight of gold foil. Hence at equilSm 

uV2t^=mg, or o'^=2zo mg. 


or 


<r'=2 X 8.85 X 10-1® X 50 X 10-® X 9.8 
0=9.3 13x10-0 coul/m®. 


ttue °o''Jc?[,fdZjZnl!“ 

Pi=P+4T/r. 

volume^’ecome's^ S^tSes^he^iJftiS^vol'^®’ becomes 2r, the- 

law .h= p,«s„,e in^'r^h^bSk rSS'io J/s"' T?' 

charge q given to the bubble. ^ outward pressure due to the 

••• Total outward pressure =total inward pressure 

i( f ) 



or 


9®=647t®Eo r®[7/>r+12r] 

q= SnV eor“(7Er+ 12r). 


charged witl^lo }mlcot!lomb“^‘‘F^d7he^tn^^^^^^ T' ’'adius is 
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or 


From Boyle’s law PV=coast=k 

Pressure P of a sphere of radius R=kl{^nR*)=^KlR\ 

Differentiation gives dPldR=—3KlR*=—3PlR 

dR=~iRl3P)dP. 

The change in pressure due to the charge q is given by 
—dP^- 


• • 


dR= 


a*/2eo=-C^/47rR«)V2eo. 


dP= 

3P 3P 


32t:\R^ 967t»eoPi?8 


Given ^'=20 stat coul=20 e.s.u. of charge 

=20x3.36X10-1'’ coul. 

Thus the substitution of numerical values gives 

</P=5.3xlO-»cm. 

J^dikan's experiment an oil drop of radius 

If the rtrnr, u ^‘^^P^'l^ed between the plates which are I cm apart. 

between the d, calculate the potential difference 

p ates. The density of oil may be taken as 1.5 gm.jcc. 

viscou^'forrl*^^ remains suspended between the plates, the 

balanced b5 the drop is 

be the Doten?a^ ® *u field between the plates. If V 

DC me potential difference between the plates, then 

gE=mg or qVld=UrHp~tr)g. 

9=5e=5x 1.6x lO-i® coul, d=l cm=0 01 m 

air as nesHgiblc in^o kjg/m». Assuming the density of 

S g cm comparison the oil density, we get 

0.01 


v= 


5X1.6X 10-1» ><y X3,14 x(10-')*x 1.5 X10*X 9.81 


=770 volts. 

Oral Questions— 

could you° ni me «Tgn onhe"cbiU°o“n‘^tT“'“' 

mass ?'*^*^*'*°^ ‘^faargc is 1.6 k 10"18 coul, is there any single quantum of 


3. 


4 . 


5 . 


physical quantity to be (a) quantized or {by 
valSe*^w Coulomb’s law is a measured- 

^hV^earth Jv gravitational field of earth. Can we also say that 
tne earth lies in the gravitational field of the stone ? 
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6. Electric lines of force never cross, why ? 

7. Two point charges arc placed at a certain distance apart. The electrio 

field strength is lero at one point between them. What can you conclude 
about the charges ? 

8. What is rhe electric flux through a surface encloses an electric dipole ? 

9. A charge q is placed inside an enclosure. Compare the total flux coming 

?i I® spherical, cubic, rectangular, 

parallellopiped or hemisphere. 

30. Show that ro work is done in moving the test charge from point to point 

on the surface of the metal. 

31. A man is placed with an electrical measuring instrument inside a large 
closed metal sphere. What will the man observe as {a) charge is placed on 
the sphere, or {b) a large charged object is brought close to the sphere ? 

32. As y ou penetrate a uniform sphere of charge, find the effect on E while 
moving towards the centre. 

13. A spherical jubber balloon carries a charge that is uniformly distributed 
over Its Surface. How does E vary for points {a) insioe, {b) on the surface 
and (c) outside the balloon, as the balloon is blown up ? 

14. In Milikan’s apparatus, how can you find the sign of charge on the drop- 
lets from the atomiser. 

Problems— j 

1. In the Bohr model of atomic hydrogen an electron of mass 9.11 x 

kg revolves, al out a nucleus consisting one proton, in a circular orbit of 
radius 5.29x m. If mass of proton is 1.67 x 10-^7 kg, calculate the radial 
acceleration and angular velocity of the electron. 

2. 3f two equally charged balls of identical masses of 0.20 gm are suspen- 

ded from 50 cm long strings. Calculate the value of each charge, if the strings 
make an angle of 37® to the vertical. (3.2x 10'7 couO 

3. Two charges Q and Q are placed at the diagonally opposite corners 
of a square, while charge ^ and g are placed at the remaining corners. If the 
resultant force on one charge Q is zero, find the relation between Q and q, 

(G=2v/29) 

4. A pith ball covered with tin foil having a mass of m kg hangs by a fine 

silk thread /metre long m an electric field £*. When the ball is given electric 

charge of q coulomb, it stands out d metre from the vertical line. Show that 
the strength of the electric fleld is given by 

f—rogd/qv^l^ — newton/coulomb. 

5. If a uniform sphere of charge radius and charge density phasa 
narrow straight tunnel along its diameter, and a point charge — q' is placed 
at the entrance to the tunnel and released. Show that its motion is simple 
harmonic. Find the period of this motion and the maximum velocity acquired 
by the charge— Given the mass of the charge q' as m. 

2n[ 

6. A thin circular ring of radius 20 cm is charged with a uniform c''argo 

A small section of 1 cm length is removed from the ring, 
^ina the electric field intensity at the centre of the ring. (2.25X x 1 09 iV/C) 

7. Prove that the electric field intensity due to a uniformly charged ring 

ts maximum at a distance l/\/2 limes its radius form the centre on its axis. 
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8. The inner surface of a noa-cooducting hctni-sphcrical bowl of radius 

a has uniformly spread charg: of surface density a over it. Find the electric 
field at the centre of the flat surface of the bowl. (o'/4eQ NjG) 

9. A small sphere whose mass is 1 x 10“'* kg carries a charge of 3 x 

coul rnd is attached to oae cod of a siik fibre 5 c.n Ijog. The other end of 
the fibre is attached to a U'ge vert. c ii conducting pUic whic i has a surface 

charge of 25 X C/m-, Ftnd the angle which ihe fiber aiikei with the 
vertical. (41«) 

10. Five thousand lines of for.'c enter a certain v alutne of space anl three 

thousand Hoes emerge from it. What is the total charge in coulo nbs within 
Ihe volume ? ( — '1-77 x lO 8 coulonib) 

11. A spherical shell of outer and inner radii a and 6 respectively is con- 
centric to a metal sphere (of radius c) inside the shell. Find ihe net charge on 
the outer surface of the spherical shell, if the electric field at a pfint^ P outside 
the shell at a distauce 40 cm fro n the cenire is 200y^/C. (3.55 x 10 ^ coulomb) 

12. A cylinder of radius b is uniformly charged with a volume charge 
density p coul/ma. Find expressions tor the electiic field as a function of r for 
inside and outside the cylinder, if the charge density varies as b' = pQ within 

the cylinder. (Por'/S^o, Po^VS^oT) 

13. Calculate the electric field intensity at a point (/) inside and (ii) outside 
the spherically s/mraetric charge distributnn of radius a. The charge volume 

density varies as p(^)=*Po (1 — inside and is zero outside the 
distribution. 



14. A circular ring of radius a carries a charge which varies as A sin $. 

rJnd the electric field at the centre of the ring. (Ao/4u£o) 


15. A l^ng conducting cyliader of leng'h / carrying a to^al char le is 

surrounded by a conducting cylindrical shell of total charge— 2^. CaUulate E 
{0 at point outside the shell and (//) in the region between che cylinde's. 


Ir radially inward, radially outward) 

16. Three infinite metal plates A. B, C are arranged parallel to each orher. 

® ‘=■'‘‘'8= densiiyrron both the 
7 er h\ C ;; fi M • tp unknown cnarges. but ilie arraagam.-nt producjs 
fhfc ® >“ tl^ region lett to plate A and right to olate C, outside 

elertric intensity at points between 4 and S, 
(u) charges on the two sarfaces of pUte = 


iVMii/rU infinite wires carry uniform coirges of aid Ag 

^ui/m. If the separation of the wirej is 9, fin J the force on uiii length of 
one as a result of the other. 


R 3p thin naetaihe spherical s lells ofradii Ri and TJg where 

.Ki < 3 /<a near cnarges and q^ c )uloinos respectively. Using Gauss The are n, 

'Show that 


(fl) The electric field intensity at radius is zero, 

(6) The electric field io'ensity at radius r between and 7?2 *9 
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and (cMhc electric field intensity at radius is 

surface of the earth/ ifhas a chflt* stretched horizontally 4 meters above the 

calculate the electric field at a nnln^^ microcoulomb per cm of its lengthy 

“cia at a point on earth vertically below the wire. 

2 Q ^ (^-5 X J05 ntlcouiy 

coul cm-2. ^ is 'ihe ® conductor, in dry air, is 2.67x I0*'i3 

IS me lorce per unit area due to this charge. 

21 Find h H.03x 

10 cm diameter i^he dielectr[f ^ ° 

22 (0.55 micro couhmb) 

distance equa/tn the surface of a gold nucleus, is atla 

the ^.particle (6.9x10-16 m) from the surface. If 

the force and acccleratTon of {he"* nh'®? '^8, calculate 

°° i-Particle. (l.9x lOi N. 2.8 x 1028 m/secV 

^ ^IcV CC f* 1 

having 80 protons. Calculate thp towards a stationary nucleus 

'-dieuidte the distance of its closest approach. 

24. Elect- (l.44xI0-iBm) 

within a spherical P P'^ unit voJume is distributed 

culate «he electric field at°a no'inf r ‘b’ respectively. Cal- 

('> «<r<l and (“o '' 


_ P 
3c 


9 



P 


3e 


0 


lo excess eJectrons°*^ Whaf k ^ radius 2x io-4 cm carries 

is no electric fie1d"^(M ® region 

WC, directed downward 7 Givei ihe vk/ •! electric field 3x lO® 

Give y he V scousity of air=1.80 x 10-7 ^ sec./m^. 

26 A bubhl f ■ - ' ^/sec.t 2.74x10 ^ mfsec. upward) 

tension T. Jf the bubble having a surface 

wire from a static machine! sLw that th ^ V by being touched with a 

given by ^^lat the radius of the bubble increases to r.. 

P(r^-aWT(r2-.^)^ie y2^^Q 
where p is the atmospheric pressure. 
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3.1. ^in£integral of electric intensity 

In mechanics, the line integral plays a very fundamental role 
in problems involving work. Its importance is equally great in 
electrostatic problems. We know that if a force F acts on a body 
while the body suffers a displacement dl, the work done 

dJV=¥ . dl^ F cos 6 dl, ...(1) 

** angle between F and dl and F cos 6 is the component 
ofF along the direction of displacement. For a path of finite 
length, work 



F . dl. 


•••( 2 ) 



Fig. 3.1. 


It is the another use of scalar product of two 
vectors, one was discussed in chapter 2 where it 
was applied to the surface integral. One should not 
confuse as the integral for flux is taken over a 

Une integral for work is taken along a 

Wc know that the earth’s gravitational field, 
a vector field, is a conservative field. For a conserva. 
tive field the potential energy of a system is indepen. 

dent of the path taken and is defined by its position 

S’ "a necessary to 

hof^ ■^'’T another is independent of the path 

field an 'eUctrir%i7 ^ electrostatic 

Mterna?forMF=-«P*^® test charge will be Hence the 

External worV n(.o5« ** required to displace the test charge q^. 
External work necessary to move the test charge through a 
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differential 

dW=¥.dh 


distance making an angle 0 with the force 
Hence the total external work to move the test 


F is 


charge 



/-/g. 3 2 . 

^0 from AtoB against the electric field due to charge q is given by 

ir-J® E.ii 

e.ji=£' di cos (i8o-e)=_£'^/ cos e. 

the diicf7o®n'^?!f ^ f the motion, we are moving in 

iSertforercoJ 0= ^ °4in. 

and = ...( 3 ) 

vely from^he charge thTn distances of points A and B respecti- 

= E dr=-qA’-^ 3^ dr 


fA 


r--- 

L^a tb 




dr 


-4lS:LrT-.T i -(4) 

charg Jbetween tw^noin?,® • ^°rk required to move a test 

radial distances tor Fhp n 1° electric field depends only on the 

d=m 'b"; rr.’’cK“ ““ '"“"VT 

work done along a closed oa h Iti these points. The 

to .4 .long .be lo..ei 'SeTel'f oi" f 

total work^.ioDeTD^l^o’v/ng^' a "chare f ^ 

an electric field due to a distribmiof to point B in 

the work reonireH tr. ^‘^triDution of charges is just the sum of 

considered individually ThL the charges are 

of charges is also a comermtfye fiell " arbitrary distribution 
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II 


As the integral is independent of path, an equivalent state- 
ent of the conservative nature of an electrostatic field is 


I E.t/1=0, 


•• « 


i.e,, the line integral around a closed path is zero 


(5) 


or 


B 


E 


la 




••( 6 } 


There are following three cases in which the methods of 
integral calculus are not necessary to evaluate the line integral of E. 

magnitude at all points of 

the path of length /, then £'=constant and the integral =£/. 

♦t,. perpendicular to the path at all points on it, then 

♦he integral is zero, as E,dl=E dl cos 90°— 0. 

Thi Points of the path, the integral is zero. 

I he property given by Eq. 

(5) vf an electrostatic field can be 
used to verify a statement that the 
electric field just outside the surface 
of any charged conductor is at right 
angles to the surface, when charges 
are at rest in the conductor. For 
this purpose lei us consider a por- 
tion of the surface of the conductor 
shown in Fig. 3.3. The line integral 
around the path abed. 




dl 


t 


Fig. 3.3. 

a 


E.dl=0 ...( 7 ) 

We know that the electric Celd inside the 
IS zero, hence the integral along cd is zero and the conductor 
are so short that thev make -i. sides and fee 

Hence the integral around the closed path integral. 

.»,f. J tS,‘” 

3.2:<^OtENTIAL energy 
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Thus the external work to move a test charge from A to B 
against the electric field E is equal to the difference in potential 
energy of the charge q^ at point A and at point B, in an electric field 
E, i.e. 


(P.E)B-(P.Eh 


-i: 


E.dl. 


■•■(9) 


As the potential energy depends upon the external work done 
which is independent of the path of the test charge moving in an 
electric field, hence the potential energy is a scalar quantity. It has 
the unit of work or energy. In SI units its unit is jou/e. 


3 ^ 


POTENTIAL DIFFERENCE AND POTENTIAL 


Relation (9) gives the difference in potential energy of charge 
qo between points A and B in an electric field E. The difference in 
potential energy per unit charge 


Limit (P.E.)b — (P.E.)a 
0 


B 


9o 


qo 


E.dl. 


...( 10 ) 


This quantity is known as the potential difference {pd or voltage) 
between points A and B and is generally denoted by Pab or Vb—Va. 
As the potential energy and charge are both scalars, the ratio of 
these, the potential difference, is hence the scalar quantity Vab is 
independent of the path followed by the test charge in moving from 
point A to point B. Its unit in SI units is joule/coulomb. This unit 
is called volt (K). named in honour of the Italian Scientist Alessandro 
1 • accepted as a practical unit of potential difference. 

n A:K=10» V). the megavolt 

(.lAfK=10® V) and (he gigavolt (1 GF=10® K). 


1 potential difference between two points ^ and 5 in an 

electric field due to a point charge q is thus given as 


Fa 


-I 


B 


A 4Kejjr* 


Ane. 


rs 


rA 


-.(11) 


Usually point A is chosen to be at infinite for the 
zero potential. This gives us 

] q_^^ 

rs 


reference point for 


Fb 


47rs 


0 


^0 


...( 12 ) 


potential V at a given point in an electric field is defined as 

the i/^ot.-mes the work that an external agent must do in moving 

P against that electric 

field. Potential at any point thus obtained is called absolute 
potentioL ^ 


ic potential is assumed to be zero at infinity as the height 

is assumed zero at sea level in mechanics. This reference point can 




§ 
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^ chosen at any other value. In many circuit problems the earth 

is taken as a reference of potential and assigned the value zero. 

Potential V near an isolated positive charge is positive because 

flositive work is required to push a positive test charge in from in- 

pnity. Similarly, the potential V is negative due to an isolated 

negative charge as the positive test charge is attracted by the 
negative charge. 


3.4. EQIJIPOTENTIAL SURFACE 

such as the reaion 

from all charges or the interior of a charged conductoHn 
wffich all the charges are at rest, the line integral of E is zero alor o 

any path (i.e , JE,<^1=0). It means that the potential d JeS 

between any two points inside the charged conductor is zero , 
all points in the conductor are at the same potential and tL’ 
interior of a charged conductor is an equipoteniial volume. 

If we consider an arc of a circle, at the centre of wHIrh ^ 
-point charge is placed, the field E will be 1 to this arc and ihe w5rk 
^ne in moving the test charge along this circle is zero as fE ? 

Hence each point on this circle is at the same potential and 
this circle constitutes equipoteniial line. foicmiai and 

If the surface is in such a way that it is everywhere 't on. 
angles to an electric field, then any path lying in this^siirfae^^ ■ 

point, on .hi, ,„,r,ce „e a, samo pMenS ^0 su,S“ 

P^PendioulTTn 

perpendicular to the lines of force. Th- eauioofenrini c r 

a family of concentric spheres for a sphere of charge ofT* 
charge and are a family of concentric cylinders for ^ line nf 

or cylinder of charge. ^yimaers tor a Ijne of charge 

Equipotential ‘surfaces in electrostatics art nc r 
opt.es. The wavefront is the locus of points wh ch are 

similar to the equipotential surfaces which are / to he 
force. The equipotential su.face is plane sp/rkal o cv nH - ^ 
corresponding to the charges at infinity poin/charg/L ^ 
charge) or the line charge respectively si/i ar Tn / 
due to sour^ at infinity, point source or slit source. ''^fronts 

ENTIAL GRADIENT 



rrom ,'h TeS'?ad £"7,,'° Pot.nlial 

electric field E. Let us now consider how to calculate 
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E if F is known. If we consider Iwo points A and ^ at a distance 
A1 apart ficro each ctber in an electric field E, set up by any 
arrangement of ctarges. The work done by the external agency 
exeitine the force F (= — ^oE) in moving a test charge go along the 
path Al. 


AW=F. A1=— Al. 

/. AlF/^o= AF=— E. Al=—rA/ cos (n—e)=EAI cos B, 



E cos ^=A1^/A/. 


As the component E cos 6 is the component of E in the direc- 
tion of — I, hence — E cos 6^ which we call Eu is the component of E 
along 1. Thus in the differential limit the above equation becomes 


dV=—Ei dl or Ei=—dVldl, —(13) 

The ratio dVIdh the rate of change of potential with distance 
in the direction of dl, is knovjn zs potential gradient^ Thus the 
con-ponent of electric intensity in any direction is equal to the negative 
of the potential gradient in that direction. Its unit is thus volt! metre, 

|l We can find the components cf E at any point in the 
directions of x, y and z-axes with the help of the potential gradients 
due to this field at that point along these axes. Thus 

aF/ 0 x, Ey^-dVidy 
and Ez^—dVldz. 


In the case of polar co-ordinates, 
along radius vector and azimuthal 
vector. These can be calculated as 


the components are radial 
erpendicular to the radius 






Fig, 3,4. 


...( 14 > 


T 
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We know that E—E4+Eyi+Ezh. 








=— VK=-gradF. ..,( 15 ) 

This relation is very useful in many problems in which it is 
easier to calculate V rather than B. As E is a vector and is equal to 

the gradient of a scalar field (potential), from vector calculus we 
thus get 


curl E=VxE = Vx( — VK)=0. 


...(16) 


Thus we see that the electrostatic field is curl free, or irrota-^ 
tional field. 

3.6. CALCULATIONS OF ELECTRIC POTENTIAL 

^^><^otentiai due to a point charge. Let us consider two 

points A and B in an electric field due to an electric point charge Q 
We know that potential difference is given by the relation 


Vb—Va 


-1 


B 


E . dr 




B 


E dr. ...(17) 

But E is the electric field at a distance r from the point charge <7 in 
the direction of r and is given by E=ql^ne^ r^, hence 


Vb — Ka = 


Q dr _ g r 


1 


1 


rs ta 


...(18) 

thus ^ to he at infinity, the potential at point B is 

1 Q 

...( 1 9 ) 


V= 


4r.e(, r ' 

where r is the distance of this point B from the charge g, 

(6) Potential due to charge distribution. The notentiat 

at any point in the field due to a number of point chargL is the 

algebraic sum (not the vector sum as potential is scalar) of the 

potentials at that point due to each charge, if the other charges are 
assumed to be absent. Hence ^uaiges are 




1 




0 


n r 


...( 20 ) 

nnin? ft" '^e distance of the 

point, at which potential is required, from this charge. 

charp distribution is assumed as continuous, then the 
summation may be replaced by an integration. Hence 
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where dq is the differential element of the charge distribution, and 
r is the distance of the point in question from this element. 


If the density of charge is p, then above relation reduces to 





In cartesian co-ordinates, the potential at a point x, y, z is 
igivcn as 


V (a:, y, z) 



P (■y^ y \ gp dx* dy' dz 

r 


...(23) 


(c) Potential due to a charged sphere. Let us consider a con- 
ducting sphere of radius i?, having a charge g, uniformly distributed 
over its surface, so that the surface density of charge cf—qlArrR^, 



Fig. 3.6. 

Cut the charged sphere by two closed parallel planes AB and 
OD, so as to form an annular ring ABCD. From Fig. 3.5 it is clear 
that the area of this annular ring 

=-27r (22 sin 6) {R de)=^2^R^ sin B dB. 

Charge on this ring £^q=2nR^ sin B dBx<j=i q sin B dB. 


As the ring is of small width, we can assume each point of 
^this ring as equidistant from any point on its axis. Hence the poten- 
tial at any point P at a distance r from the centre of the sphere and a 
cdistance x from the ring is given by 


csnly. 


L_ Ag ^ 1 g sin B dB 

47r€o X 2x 

Here x and B both are variables, let us convert the 
From Z\OOP, a:^=22^+r^— 2 Rr cos B, Therefore 


II 


in one 


2xdx=2iRr sin B dB or sin B dB=x dxjRr. 
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• • 


AV= ^ 


4 ^ 6 , 2Rr. 


•••(24) 


Hence the potentinl at this point P, out.ide the sphere 

-0 2Ur Jr— R 47T€q 




4nB, 


g 

r 


...(25) 


epS,r."“L'en jr,S t 

^Titrated at the centre of the sphere. ^ assumed to he con- 


Potential at the point P on the sphere 

4’fEo J 


I 


R 2R' 47re„ R 


Potential at the point P inside the sphere 


-.= J_P+^ 

' 47rSo jR_r 


2Rr 


- dx= 


i 

Anc, 


g 

R 


Thus the potential 
any point inside the 
charged sphere is the same 
08^ the surface of the 
sphere and the charged 
conductor acts as an 
^quvpolential volume. 

, We know that E= 
fyjdr, hence electric 
intensity inside the 

charged sphere 






dr [ 4m 


4’rE„ R 



= 0 . 


•••(28) 

.Electric intensity 
outside the charged sphere 


yiff. 3.6 


dr L 47fe, r J 4m^ ’ 

It will be along the direction of r. Hence 


-E= 


_1 

4’reo ^ 


•••(26) 


•••(27) 




(29) 


( 30 ) 
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Thus we see that eleclric intensity is zero inside the charged sphere 
and decreases outside the sphere^ as shown in Fig. 3.6. 

If the given sphere is non-conducting, the electric Intensitj^ 
outside the sphere (rE>i?) is given as 

F ~_L- -?-/ • 

® 47r£o r- ^ 

Therefore the potential (K) at the surface of the sphere 


-i. 

= g/47reoi?. 

The electric intensity inside the sphere 

A 


ATTtrT 


A 

r.dr 


F =. 

1 

S 


477Eo 

R^ r 

K,= 

1 

4^£o 

f ^ 

J R^ 


Since at the surface K,= Ks, hence Fcons— 3g/47reo(2i?). 

1 qr- , 1 3g _ 1 [ 3g __gril 

• • • 47r£o 2R^~^ 47reo QR 47r£o [ 2R^ J 

(d) Potential due to an electric dipole/ Let US consider 
a dipole AB^ two equal charges q of opposite signs and separated 
by a small distance 2a, We want to calculate an electric*' potential 



Fig. 3.7. 

at a point P, which is not too close to the dipole. If r be its distance 
from the centre of the dipole and 0 the angle between the direction 
of r and the dipole axis. Using the expression for the potential due. 
to point charges, we get 


i 


electrical Potential 




Assuming that r>o, we can write PB=r -a cos 0 and PA=^ 
'T+CL cos 0, 




Fp 


^ J_ ' 

^7TtQ [r~a 


cos 0 r+a cos 6 


1 _ ^ 2ga c 

“47reo r--a“ 


c os 0 

cos' 6 ■ 


As r^a, hence a- cos^ ^ can be neglected in comparison to 

1 2qa cos 0 


• 

♦ • p — 


^ 7 T€q 


1 

47rco 


p COS S 


-^31) 

4’rSo»^ 


=-4sr-v (f) — 


1 


47re 


0 


p. grad 


1 


...(32) 


where p is the dipole moment of the electric dipole. It is directed 
from the negative charge to positive charge. 

Relation (32) shows that the potential V is zero at all the points 
of which ^=90 , i c.i no work is required to hring a test charge in from 
infinity along the perpendicular bisector of the dipole. 

We canriot obtain E from the gradient of V at once. The com- 
ponents of E in two perpendicular directions are Er (the radial com- 
ponent along the direction of r) and Eq (the transverse or azimuthal 
component perpendicular to the direction of r), given by the 
relations 


and 


9F _ _ ^ r 1 p cos 6 1 _ 2p cos 0 

dr dr [ 47750 J ” 

J_ ^ [ 1 P COS ^ 1 sin ^ 

r dO r dO I AttCq J 477eor^ 


E — y/' {Er^ +E + l cos^ 0), ...(33) 

The angle ^ which the vector E makes with the radius vector 
Y is thus given by 


^=tan-^ (^e/.£?r)=tan-^ (i tan 0), ...( 34 ) 

, ^—0 , then electric field intensity E is in the direction of p 

and having magnitude (IM^rCo) 2p/r". If 0=90°, then electric field 
mtensity E is m the direction of — p and having magnitude (I/477eo) 
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W . f dae to an infinite line charge. Let us con- 

fer an infinite line of charge of constant linear charge density X. 
We have proved that the electric field strength at any point P in thfr 

♦ line is in the direction perpendicular 

to the direction of this line charge and is given by the relation 


E=Xl2-ns„ y. 

The electric potential at this point is thus given by 


...(35) 




E.dy 


|E 


00 


r 

y 


OO 


27r8 


0 y 


dy 


1 


C* *** *** * r-TT 


27r€ 


log.(^) = 


CO. 


Ptff. 3.8 


...(36) 


infinity^Terwhefe infinite fine charge is 

ration and nev!? fn Ik! positions with finite sepa- 

of infinity for the point^of^z potentials. In this case our choice 

however, i. V-o .Se ShS/ra^'eTI 




277*8 


0 


log 


Vo \ 

y ) 


or 


Kv= 


2^1og. y^C. 


27780 yo- 2 ^ y- 

...(37) 


constat ^ (XI2nEg) loge T/o Is replaced by a 

trie field streneth calculation of an elec- 

tric iieia strength E at any point due to infinite line charge. 

due to a proved that an electric field 

^o Uls length at any point outside 

we can thereforp to infinite line charge. Proceeding similarly 

charged eylinde? of ioHolte "" 

f j Potential due to a uniformly chareed disc Let ii<; 

clSjgid iSlr 5°'“;'“'.*' aay point P on Ihe ajis of a uniformly 

e from 1h “ei". ’• 


Electrical Potential 



Let us divide this disc into large number of flat circular strips- 
and consider one strip of radius x and of width Ax. Each point of 



this strip can be assumed to be at equal distance from the point F 
as its width is very small. Potential at point P due to this circular 
strip is 


AV= ^ Ag I InxAxc 
47C8o AP “ AtiBq 

Thus the potential due to the charge on the whole disc 

a f R xdz 

2eo J 0 V(r^+a:-T 



= ^ [V(R^+r^)~rl .,.(38)' 

At the central point 0 of the disc, the potential 

V=aRI2&o. ...(39> 

Using Binomial theorem for relation (38) can be written, 
as 

f r+ r 1 

2e{, L 2r J 4^0 r 47ceor 
=g/4:reo r, ...(40> 

where q is the charge on the whole disc. 

This is the relation as obtained due to a point charge. Thus 
at far away points the distribution of charge becomes insignificant. 
It is very difficult to calculate the potential at the points other than 
on the axis. However potential on the edge of the disc can be calculated" 
under : 


To calculate the potential at point P, let us divide the disc in 
large number of rings with P as centre. The potential due to one 
segment between radii r and r+Sr is given as 
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Ay=2rdSr a/Ansgr. 

• • Total potential due to the entire disc 



Comparing with Eq. (39) we see that the potential at the cen- 
tre or the disc is greater than the potential at the edge. Thus a 
uniformly charged disc is not an equipotential surface and thus we may 
expect the electric field component in the plane of the disc in radi- 
ally outward direction. The case will be different if the disc is con- 
ducting. As under static conditions a conductor behaves as an 
equipotential surface, hence the charge on the conductor can not be 
distributed uniformly. A conducting disc must have a continuous 
decrease in charge density from the edge to the centre, maximum at 
the edge anu minimum at the centre. 



THE DIPOLE APPROXIMATION FOR 
DISTRIBUTION OF CHARGE 


AN ARBITRARY 


Let us calculate the 
potential at a distance 
large compared with the 
size of the set of charges. 
Let each charge q, be 
situated at a distance d, 
from an origin O chosen 
somewhere in the middle 
of the group of charges. 
The potential at a point 
P at a large distance R ] 
from the origin due toj 
whole charge is given byjjj 


L_s 

4’reo < r, ’ 




Fig. 3.11. 


where r, is the distance from P to the charge 
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As the point /» is at a large distance, hence r,=R— d, can be 
assumed as equal to R, thus 

~R 






47reo R 


...(43) 


where Q is the total charge. Thus we see that the potential at a 
large distance due to set of charges (pump of charge) is same as if 
the whole charge was concentrated at one point, the origin. 

Let us calculate the effect of the separate charges, taking 
most accurate expression for ri. For the point F at a large distance 
we can assume r, as given by 

d,.eR, ...(44) 

where ea is the unit vector in the direction of R. Since dt^Ry the 
above relation can be written to our approximation as 

1 Lf I- eu i_r 

^ L ^ J ' R L 




R 


Hence V= 


1 


47ie, 

1 



. cr 


47re 


1 y, , 1 

R + 4^ 


R 


Eq 


d]'. eu 


or 




dj-. Cr 


+ 


R^ 

. . . 


+ ... 


...(45) 


Here the dots indicate the terras of higher order in d! R and are 
the successive terms in the expansion of 1/r,. The first terra is 
sanie as Eq. (43). It is the potential at very large distance, as the 
higher order terms are negligible and is known as monopole con- 
tribution. For molecules such as //C/, CO, CH^Cly HCCky etc., the 
total charge is zero and the second terra is dominant as the higher 
order terms are negligible. If we define then we get 

^ P‘ 1 p cos 6 




47re, 




...(46) 


47teo i?2 

The quantity p is called the dipole moment of the distribution 
of charge and the potential V , the dipole potential. Dipole potential 
decreases as l/R^ and varies as cos d. DipQk_Q£lds_are very impor- 
tant for the f^tnrl ies of molecular and atomic properties. For many 
molecules, sucl^as COg, the dipole moment vanishes because of the 

of molecules^for th em we tak e next term, which varies 
as ijR and is c alled a quadrupole potential. 

In the form of integral, relation (45) can be written as 

(3 cos* ^—1) 


47te, 


+ 




P d, 
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47re, 


Ai 


0 1-^1 I -^2 


+ 


...(47> 


where 

and 


'^Q—jn 9 dV , p cos $ dV^ 

^I = i sn p d,^ (3 cos* 0—1) dV. 


only upon the charge 
is known as "l^arge in the distribution and 

the corffir.Vn1"7^’ f'?r 'S faken as due to the second term, 

inent of anri^^ k' ^ displace^ 

known charges along the direction towards F and is 

at a far point ‘^'ong PP. The potential 

souare o^tiip A‘ t charge distribution varies inversely as the 

square of the distance, as other terms are relatively negligible. 

Dent the potential is due to the compo- 

Zn of oT n^u distribution in the direc- 

electrostatic energy of charges 

nf ^ against gravitational attraction is stored in the fornr 

transf<>rLdi.^^tn^P^°^^‘'’®‘“'l"®''®^'^hen stone falls and finally 
iransierred into heat energy m the system, earth+stone. 

is somi ^ distance r apart. There 

necessarv tol-^rino system because a certain amount of work was 
S This i 'r ® ‘he ‘^l^arges together if the charges are of same 

stone. ‘he potential energy in the system earth + 

Suppose charge qi is pla- 
ced at point A, the potential 
due to this charge at point R 
at a distance r is given by 



Fig. 3.12. 




1 




4Tue, 


the defindSn'^f 'o ‘he point B, then front 

ennition of potential the work required is given by 
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SlSx,. 

r 


This work is stored in the form of electrostatic energy U of 
the system therefore we have 



U=IV= 



£i£?_. 

r 



For the calculation of potential energy of the system contain- 
ing large number of particles, the procedure is to compute ^the 
potential energy for every pair of charges separately and to add 
these algebraically. Hence for n charges 



-i_V m 

47r£o 4^ Kij 

all pairs 




In this expression ^ is introduced as each pair is counted twice 
here. For exarnpie, the energy contribution due to charge ^2 ^od 
qs is required once only but in ihis relation this term comes twice 
once when i=2,y=3 and other when i=3, j = 2. 

This relation can be written in different forms by noting that 
the final value of the potential V at the /"* point charge is 






Elecfrostatic energy of the 


system=^ 



. electrostatic energy of an arbitrary charge distribution 

with volume density p and surface density tr is given as 


?Vd-+ )r-\ oVdS. ...(51) 

^ J volume ^ j surface 

Let us now evaluate the electrostatic energy of a charged 
•phere or the energy required to assemble a sphere of uniform 
charge density. For this let us imagine that we assemble the sphere 
oy building up a succession of thin spherical layers of infinitesimal 
thickness. It Qr is the charge of the sphere when it has been built 
up to the radius r, the work done in bringing a charge BQ from 
infinity to the layer of thickness 8r is 
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AW=AU-==(QrBQl47t€^r). 

If p be the charge density in the sphere, then Qr—f^rr^p 
and 8Q=37t 3r^pBr=4nr^pSr. 

AU=47z pV^ Sr/3so* 


Total energy required to assemble the sphere of radius R is 


U 


= Jo 


47Cp2/?5 


3 Q 


15eo 


5 47reQ/? 


...(52) 


where Q is the total charge on the sphere of radius R, 

3 9. ELECTROSTATIC ENERGY OF AN IONIC CRYSTAL 

The chemical energies of a crystal basically depend upon the 
electrostatic energies and may be obtained by computing theoreti- 
cally the work required to pull apart the crystal. This work is the 
Sum of the potential energies of all the pairs of ions. 


Let us consider the example of ionic lattice. An ionic crystal 
like NaCl consists of positive and negative ions, which can be 
thought of as rigid spheres. These spheres attract until they begin 
to touch. The ions are placed as a three dimensional checker- 
board, thus forming a cubic lattice. The spacing of the ions has 
been determined by A'-ray diffraction. 

The easiest way of finding the work is to pick out a particular 
\on and calculate its potential energy with each of the other ions. 
The sum of these energies will give twice the energy per ion (or 
the energy per molecule which contains two ions). If a be the 
centre to centre spacing between the ions, the energy of an ion 
due to the presence of its neighbouring one ion is e^l4-KZQa. Let 
us first sum up the terms from the ions along a straight line. This 
sum 3S due to the ions on the left and the right of any reference 
ion. For a positive ion it is given by the relation 



4nc^a 


loge 2 = --1.386 



4nt^^a 



Now consider the next adjacent line of ions above (or below). 

Ine nearest is negative ion, at a distance a. There are two positive j 

ions at a distance \/2a. The next pair are at the distance \/5 a, 
tne next at 10 a and so on. The effect of all the ions on this 
ine is 
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/ 

\ 



There are four such lines (above, below, infront and in back). 
There are four lines on the nearest diagonals. If we calculate con- 
tributions of the ions on all these lines, we get the grand total as 


[/,= _ 1,7476 


-^ = 8.94 eV. 



This value is about 10 % greater than the experimental value. 
This confirms the idea that the whole lattice is held together by 
electrostatic attraction. 


3.10. ELECTROSTATIC ENERGY IN NUCLEI 

The nucleons that hold the stable nuclei are held together by 
strong attractive forces and therefore work must be done in sepa- 
rating them from each other until they are very large distance 
apart, /.e., ths enetgy must be supplied to the nucleus to sepurate it 
into the individuol constituents- This energy is called the binding 
energy of the nucleus. The binding energy may be regarded as 
being made up of a number of terms, each of which represents 
some general characteristic of nuclei. The only charge dependent 
term in the relation for binding energy is the Coulomb repulsion 
between the protons, all other terms are based on the fact that the 
p-p, n-M and n-p forces are identical and are the short range forces. 

The electrostatic energy is simply the work done against 
electrostatic forces in assembling the Z-protons in a sphere of radius 
R. The uniform charge density of the charge in the nucleus is 

To find the electrostatic energy of the sphere, let us first 
calculate the work required to increase the radius r of the sphere to 
r+^r*. The charge dq on the shell of thickness dr on the sphere of 
radius r is 



X 47:^^^/^=(3Ze//?^) r^dr. 


Hence the work in bringing this charge from infinity to r 
against the charge on the sphere of radius r is 



r^dry. 


4 — - 3 ^ 
3 •'•r p 




r^dr. 


Integrating from 0 to i? we have obtained the work done 
against Coulomb repulsion or the electrostatic energy of the 
nucleus. 



ElectricUy and Magnetism 



• • 






47re«/^« 


e" I 


r*dr 


Z'e* 


5 47te„/? 


...(56) 


0 • - -r/bCQ 

small number of protons (Z 

small). In such cases Z* must be replaced by Z (Z— 1) 


U 


Z(Z-I)e2 


4nt^R 


...(57) 

as give^n be[ow‘*°rn3^' calculating the nuclear radius 

as given Delow. Consider a positron emission 

...(58) 
between these 


, The difference in the electrostatic energies 
nuclei IS given by ® 


AU- 


3 

5 

3 

5 


e" f2Z-l) 

4ne^R 


...(59) 

forfeit rrouX«e?;s“lvl„V'” '» 


>rp= 3_e» (2Z-1) 
5 47teQ/^ 


nto c*— (m„— mp) c\ 




Let us use a relation R—R^a^/^ and 2Z— 1 




Ae^ 


A, we get 


5 47t£„ R„Ai/3 0-51 MeV-1.29 MeV. 


...(60) 


/Jo^l^xlO-^m.”*^ .4^/3 gives us 


3.11. THE ELECTRON VOLT 


differeS^“f ^“4!To^rs. ^ Potential 

.fi:.£'.=^(P-B-FA) = (1.60x I0->3) {Vb~V^) Joule. 

we inSl«™rnl4* unlf oSe^v W f '0'*“’ ^ence 

is the energy in joules divided electron volt (eV). It 

charge 160 X 10'^® coulomb. ^ magnitude of the quantum of 

4 

• • 1.60x 

• • • (6 1 ^ 
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The utility of this unit is obvious, as charge in atomic and 
3iucleus cases is generally taken in terms of the electronic charge 
Ze.) ^Qd the potential difference in volts. If an a-particle, 
having charge 2e, falls through a potential difference of lOOr, then 
it will acquire energy 200 eV. Ks million and billion times quanti- 
ties are respectively abbreviated as MeV and BeV, 

3.12. HIGH VOLTAGE BREAKDOWN 

Let us consider a big sphere .4 of radius a connected with a 
small] sphere B of radius b by a wire. The wire will have little 
influence on the fields outside but will keep the spheres at 
the same potential. If the 
bigger ball carries a charge Q 
and the smaller ball carries a 
•charge q, then their potentials 
can^bc written as 

1 Q 


Va= 


and Kb= 



a 



0 


B 


1 


4n€ 


Fig. 3.13. 


As Va=Vb, hence Qla=qjb. 

The ratio of the electric fields at the surfaces 


== _ Qb^_ b 


..(62) 



qlA-Kegb^ qa 


a 


...(63) 


Therefore the field is higher at the surface of the small sphere. 

The saine can be explained with a conductor having a verv 

knowledge of line! of forS 
that the field arou^ this sharp end is much higher than the field in 

•the other regions. The reason is that charges try to spread out on the 

surface of the conductor and the tip 
of the sharp end is as far away as it 
is possible from most of the surface. 
Some of the charges on the conduc- 
tor get pushed all the way to the 
sharp end. A relatively small charge 
on the sharp end can thus produce a 
large surface charge density, hence 
the high field just outside of it. 

Fig. 3.14. Due to this very high field at 

t j ‘be sharp ends of conductors, the air 

near these points breaksdown. In this process the loose charge 
(electron or ion) present some where in the air is accelerated by this 

field and picks up enough speed before it hits another atom to bo 
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able to knock an electron off that atom, Tn this way more and more 
ions are produced. Their motion constitutes a discharge or spark. 
Hence for no spark in air while charging an object^ we must require 
the smooth surface, 

3.13. ELECTROSTATIC GENERATOR 


Let us consider large hollow metal sphere B with an original: 
positive charge ^b, indicated by +ve signs with circles around them 
and having inner radius tb. If it has small opening so that a small 
meta! sphere A of radius ta with a 
positive charge qx can be placed 
inside it. When sphere A is at the 
centre of B and the effect due to 
opening in B is very small and can be 
neglected, the positive charge on sphere 
A will induce negative charge on the 
inner surface of B and the electric field 
between these two charges is symmetric 
and radial. From Gauss’s law, the 
field between spheres A and B is due to 
the charge on A only and at a distance 
r from the centre of sphere A is given Fig, 3.15 

by 

17 1 

r^ ’ 

Potential difference between spheres A and B is 



Ka— Fb = 





Thus the is independent of the original charge qB on the 
sphere B. For qA positive, the Va>Vb, or the inner sphere A will 
always be at higher potential than the outer hollow sphere B, 

If the spheres are connected by a fine wire (outer surface of A 
with the inner surface of B), the charge will flow to the outer sphere 
B as it was on the lower potential, till the potential difference 
Ka— Kb=0 or from above relation until qA becomes zero. This 
leads to the conclusion that ail the charge qA of the sphere A is 

transferred to the hollow sphere B, irrespective of the initial value of 
charge and potential of the hollow sphere B. 


3.14. VAN DE GR4AFF GENERATOR 

It was invented by R.J. Van de Graaff in the United States in 
1931. It is an important instrument for producing high voltages in 
the million volts region. Its design is based on the principle that if 
a charged conductor is brought into internal contact with a hollow 
conductor y all of its charge tran^ifers to the hollow conductor no matter’ 
how high the potential of the latter may be. 


Electrical Potential 

consists of a belt, made of paper, silk, rayon or other 
flexible non-conducting material, which is run by means of a motor 
at high speed over two pulleys. The positive pole of a dc power 

kilovolts is connected to a pointed comb like 
conductor. Because of the large electrostatic field in the air near 
ttie spray points, positive and negative ions are formed and a sprav 

repelled from the points. ‘These positive ions 

monh surface of a moving belt and are carried 

^ by the belt to the terminal where they are removed bs- 
anotner corona discharge to another set of 

needle points. This set of needle points is 
connected with the internal surface of the 
hollow hemispherical conductor mounted 
on insulating supports. The upper pulley 
IS within this large metal hemisphere. The 
charge is thus transferred to this hemis- 
phere and increases its potential. 



In the latter forms of the generator 
another pointed conductor, also connected 
to the sphere, is placed at the top on the 
oown side of the belt. A discharge of nega- 
tive electricity thus takes place from this 
pointed conductor, so that electrons are 
^llected and carried downward by the belt 
^is negative charge ultimately passes to 
the dc source. Although it does not alter 
the potential, it increases the current 
which the apparatus can supply. • 


+ 

+ 



8e(t 


o 


Pull«y 



Fig. 3J6. 


The potential V of the sphere at any 
moment is equal to QIC, where Q is the 
charge on the sphere at that instant and G 
Its capacity. The charge transfer process is 
repeated and the potential of the hollow 

Charge by leakage equals the 
and the maxlmum^^ot'^ leakage can be minimized 

or the dlelectnc strength in dry air at atmospheric pressure i about 
3 mega volts/m Thus theoretically the maximum voltage attainable 

IS 3 mega volts for a sphere of radius one meter. In prac icrtl e 

““•■'>''<1 ofthe.heoretical 

maximum electric field that can exist outside of the snherp 
breakdown goes to larger values if the pressure of the ms k 

increased, or even better, if the space is compEy evac 
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Satisfactory vacuum is not easy. If highly pressed air alone is used 
a definite fire hazard will exist by virtue of the compressed oxygen. 
Modern machines often use high pressure nitrogen. The addition of 
one or two per cent of an electronegative gases such as freon 
(CC/2F3) or sulphur hexafluoride increases the electrical breakdown 
strength by a factor of perhaps two. 


Example 1. Find potential difference between the centre and 
one corner C of a square^ if on the other three corners A, B, and Z), 
charges— 5 y +2 and respectively be placed. Given that the 

length of each side of the square is 3^/2 meter. 

Potential at the centre of square 

1/ =_L r “5XlO-e , 2xl0-« , 3x10"® 1 

® ^ n L 3 ' 3 3 J 

=0. 


Thus the central point O is 
infinity and no work will be needed 
infinity up to this point. 


at the same electrical level as 
to bring a test charge from 


Similarly potential at the corner C of the square 

I r 


Vc^ 




-5x Kr® ^ _2x 10 


'• _^_3xl0-® 


6 ' 3V2 * 3\/2 

=9x10®X(5V'2-5)x 10-«/6=3 106.6 volts. 

2. Kc-Ko= 3106.6 volts. 

Example 2. Determine the law of variation of potential with 
■distance in an electric field produced between two parallel infinite 
planeSy bearing equal and opposite charges. 

In chapter 2. it has been established that the electric field E is 

the same at any point between such plates. The potential difference 

between plate A and an arbitrary point at distance x from the plate 
18 given by 

•zero ‘^^'^rged plate B is assumed 

.zero and the separation of ihe plates is d, then we have 

^A= KaB — 

. . Potential at point x is 

^.=Kab-Fab (x/c/)=Fab {\—xld). 

resri ’ ie '.'’ »» "”^8 ?; o » 
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Example 3. Find out the points where (i) V=0 and (n) /:=0 
in the following figure ; 


P _ 

U- r 4* Irn 



Fig. 3.17. 

(/) Let P bs the point oo the axis, either on the left or the 
Tight of charge +q, at a distance r. Therefore the potential due to 
both the charges at this point will be 



47teor 


+ — 

47Cco(i±r) 



/•=— 0.5m or 0.25m. 


Thus the potential will be zero at point P on the axis which is 
either 0 on the left or 0.25m on the right of charge +q, 

(ii) The charges are oppositely charged. The electric fields 
will be in the same direction at every point in between these 
charges. The total field can be zero only on the left of charge +^. 
Hence 




+ 




4^eor= ■ 4^e(i+^)2 


=0 or - 


1 


(l+r) 


r=o 




/•=(l±v/3)/2. 


Since the negative sign is not permissible, the only point on 
the axis at which total ehetne field E will be zero is (l+\/3)/2 
metre on the left of charge +q. 

Example 4. Jf the electrostatic potential in a region is 

represented as <p — 2x-\-3y~Zy obtain expressions for the potential 
gradient and electric field stre ngth. 

In the present problem the electrostatic potential 


^=2x+3y— z. 


Therefore 


^ ^ \ 


dx 3;'-z) +j g^--(2x+ 3y 


0 +k-^ (2x-h3y-2) 


=2i+3j-k. 
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The electric field strength at any point in space is defined as 
the negative gradient of potential at that point. Thus 

E=-V^ = -[2i+3j-k] 

= -2i-3j+k. 

Example 5. Two drops of water, each with a charge of 3 X 
coulomb and having a surface potential of 500 volts form a single drop. 
Calculate the surface potential of the new drop so formed. 


Let r be the radius of the each drop, the surface potential of 
the drop is given by the relation 




1 




or*r= 


1 


47ceft V 


Substituting the numerical values 


r=9 X lO^X 3 X 10“® X (l/500)=0.054m. 

« 

The volume of the each drop is t7t(0.054)^m^. The volume of 
the combined drop will thus be fTc(0.054)^ The radius of this drop 
R is given as 

tTtR«=|7u(0.054)3 or R=2i/»x0.054=0.068m 


and the total charge q'=2q=6x 10"® coul. Therefore the potential 
of this new drop is 




=9X 10®x 


6X10-® 

0.068 


= 794 volts. 


♦ 


Example 6, In the Bohr model of the hydrogen atom, the elec- 
iron rotates in a circle of radius 0.53 A° about the nucleus. Calculate 
the speed of the electron in the orbit and the amount of energy needed' 
to tear the electron loose from the nucleus of the atom. 


Electron rotates in an orbit due to centripetal force provided* 
by the Coulomb attraction between it and the nucleus. In hydrogen 
nucleus we have one proton having charge equal to the electronic- 
charge. Therefore 


mv^ 1 . 

r ” Atzzq r'^ 

After substituting values (w of electron = 9.1 X IQ-'i kg., e on 
electron=1.6x r of the orbit = 0.53 x metre and XIA-kz, 

=9x 10»/VwVC=), we get v=2.18x 10» m/sec. 

To find the energy needed to tear the electron loose, we must 
knovy the work required to carry the electron from its orbit out to 
infinity, which will be the product of eiccironic charge and the. 
potential at the surface of the orbit. 

• rtf -rr 1 C 


1 c® 
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As charge on the electron is — ve, hence is attracted by the 
+vely charged nucleus, thus a negative work will be done in bring- 
ing this electron from infinity to surface. Therefore the work done 
in tearing the electron loose (i.e,, out to infinity) from the nucleus 
will be positive. Substituting numerical values, we get 

4.35x10-^® joule. 

Actually, all this amount of work is not required, as electron 
has its kinetic energy 

^c=j;nv®=2.17x 10-1** joule. 

External energy needed to tear the electron loose 
= W-E=2Mx 10-18 joule. 

This is known as the ionization energy of the hydrogen atom. 

$ 

Example 7. A ptoion, which is at a distance 70“i* m from 
the centre of a mercury nucleus, is released from nucleus. Calculate 
1 She K.E. and its speed when it gets far away from the nucleus. 


Mercury nucleus has a charge 80 X 1.6 x lO'i* C (as its atomic 
number is 80), proton will be repelled and caused to move radially 
I toward infinity by this positive charge. Potential of the proton at 
its initial position is 



(9xl0») (80xl.6xl0-i8) 


10 - 1 ^ 


= 11.5x 10® volts. 


This is the work done when we bring this proton from infinity 
to this point against the electric field due to the +vely charged 
nucleus. When this proton moves away, this work is released as 
K.E. and is acquired by the proton. 

K.E." 1 1.5 X 10® electron volts=11.5 MeV, 

As mass of pro-ton m= 1.67 X 10”^’ kg and 1 AfeF=>1.6xlO-i® 
joule, hence the proton velocity 

v='\/(2K,E.lm)=4.69x lO’m/sec. 

As this velocity is very large, we must use relativistic relation 

Substituting numerical values, the relativistic velocity v may 
he calculated* 

Example 8. Calculate the potential due to a uniformly 
charged ring at a point on its axis and hence deduce an expression for 
electric intensity. 
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Consider the circular ring with charge X per unit length. To 
find the potential at a point P (Fig. 2.7) on the axis at a distance 
divide the ring into small elements each of length Each point 
of this element is at the same distance r from point P, hence poten? 
tial due to the charge on this element 


AF= 


1 


XA/ . 


Am 


Therefore the potential due to the whole ring 

AA/ __ 1 r X^/ ]_ 

r ~~ Aize^ Jr” Am, 


=_L_y 

47reo 


f I- 


As charge density A is same and each point on the ring is at 
the same distance from point P hence we have taken X and r outside 
the integral. The integral is extended around the ring and the sum 
of the elements of length A / around the ring is 2na, 


• • 




a 

r 


a 


- • 


0 . ItQ 

This relation is true for all values of x. 


The electric field along the x-axis 




dv 




0X ' 2eo(a“ + x2)«/2 

Example 9. Calculate the potential due to a 
of length L at the point along and A to its length. 


thin charged rod 


Ip 

TN 


b 


I 


C 


Suppose the thin rod has a uniform charge of charge density 

X per unit length. To find poten- 
tial at point P, (Fig. 3.18), let 
us divide the rod into a series of 
small elements, each may be as- 
sumed as point charge. The 
potential at this point P due to 
one element of length Ax is 
given by 

X AP'=:-A_ 

r 

Total potential due to 
whole rod V=i!l\V 

Fig. 3.18. =i:AAx/4neo'-. 

Assuming summation can be replaced by an integral. 

L+a \dx A fL+a dx 








I — 


I 


• « 


a 47T:eo(Z>®+x^) 
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or 


V= 


4715, 


r "la+L 

[ log. {x+ y/ib^ + X^)} 


-‘s;: 


L+a+V{b^+(L+a'>-} 

a+V{b^+a^) 


Let us restrict this result to following limiting cases 
(f) 6=0 and L^a or at a far distance on its axis 


K=-^log 

4712 ^ 


e 


0 


2a 


Aizt 


logi 


1 + 



As log« (H-z)=z~zV2+zV3 — “—z if 2 is less then 1, hence 


K= 


L 


47ce 


a 


1 

47r£ 


0 


a 


where AL=^, the total charge on the rod. 

This relation is same as due to a point charge. Thus at a large 
distance charged rod behaves as a point charge. 


(//) ^7=0, L<6 or at the points on the line X to axis 


K= 


4772 

X 

47ce, 








L 

b 


0 ^ 477£q6 

which is again as due to a point charge. 

Example 10. A dielectric cylinder of radius "a" is of infinite 

length and is ron-uniformly charged, such that the charge volume 

demity p varies inside directly as the distance from its axis, with 

at the axis and pj, at the surface. Calculate the p.d. between the axis 
and the surface. 

To solve this problem, let us divide the charged cylinder into 
large number of co-axial cylindrical shells. Consider a cylindrical 
shell of radii X and .JCi-Sx, the electric intensity £ must be calcula- 

ted first as given in example 7 of Chapter 2. 

We know that p=cx, Po=cfl, E inside the cyJinder=PftrV3flSo 

and E outside the cylinder = p(, a^l3reQ, We also know that the 

potential difference between two points, where E is the electric field 
intensity, is given by 

FA-)P'B=-jg E.*. 

Hence the p.d. between the axis and the surface of the cyiiodei 

a 3a€Q Sa^Q 

=Po flV9eo- 


axi9 


surface 


=-I 


ll'- 


dr 


il €\ a 
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in ^ ^ \ Calculate the electrostatic potential at the centre, 

liribuZn as charged sphere having charge 


P— Po ( 1— r/fl) when r<a and p=0 when 


a. 


divided*^ ^ spherical distribution, the sphere is 

sXrlll shelf Let us imagine a 

tS the ch.rae S potential at the centre due 

to the charge bq over this shell is given by 

AVc=Sql4Tce^ r=47rr* Srpl4ne^r=pr Sr/co. 

.. f'c due to entire spherical charge = f — Pnf \ — ~\dr 

J 0 ®0 \ <2 / 



«r — V 

Potential Vq outside this spherical charge distribution 


6^0 


2 


• • 


^‘^^oroi 


dq 


[f-if] 




9/4vts„ To 


1 



dr 


o'o 


the charge distribution is equal to V due to 

of snhere ® f' ‘o the portion 

ot sphere between radii f< and a. Hence 


I, )*+ 


Anr 

4rte 


>•( 


1 



dr 


= — ?0 
Eo'*/ 

6^aV 


r* 


Jo eo L 2 3n J 


a 


2 




— 2e /^^tf*^**** electric quadrupole is formed by a charge 

potential q, /Aepomfi (±u, 0). Show that the 

exoressinn !/■— fiistance r (r^a) is approximately given by the 

the direction o} rVI tl7lx7s^^t!"'‘ 

3 IQ relation for potential due to a point charge to Fig. 

Potentfaf ^ 8"‘ ‘°tSl 
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V^SVi= 


1 


47re, 


^‘-.+ " 


t PS PO PA 


As OP==r and AO—OB=a, and 
J^POA—B, hence from the geometry of 
the figure 

PA—{r-+a^—2ra cos 0)^^^ and 
PB^{r^+a^+2ra cosB)^i\ 

Thus we have 


Plr8) 







\ 


4" 


B 

- 

+ «. -2«, +e 

U' - • a - - • d - ♦ 


Fig. 3.19. 




1 


47ceo L cosO)^l^ 


+ 


1 


2ra 





1+ — cosS+ 



- 1/2 


+ 1 


2a 

-cosfl+^j J 


Expanding by binomial theorem, we get 


[( 1— T + 


a^(3 cos^5 — 1) 

27* 


+ 


+ 1 + 


a 


cos 


... ] 

•■] 


a 


Ant^r 


.2 


(3 cos^g-i)=-££!1. 3cos^<>-n 


47ceor* 


P^t^^tial due to a quadrupole varies inver~ 
sely as the cube of the distance, provided r'^a. 

consists of Na+ and Cr ions, 
ft, a/ the corners of cubes stacked together in such a 

chnraJl rf neighbours to any ion have opposite 

rntrni t tu of the cube is R and the electronic charge is — e, 

(m IT electrostatic energy (i) per ion, 

W) per gm of NaCl crystal. 

its surfao^^JiirK^* number of ions on 

cubes **^0 y K • “P large number of 

^he ions inside the crystal will be nearly same as due to the wLle 
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% Cl (c^^c 


Fig 3 20. 


ions. Let us now consider an ion At 
say in the interior of the crystals 
When we bring it from infinity to its 
position, work is done. To find the 
electrostatic energy associated with 
this ion, we should consider all other 
ions inside the crystal. It has six 
nearest C/“ each at a distance R from 


it, the electrostatic energy of ion 4 
due to these Cl~ is (there 

are six pairs, each consists two equal 
and opposite charges e and — e sepa- 
rated by a distance R). The next 
nearest neighbours are the twelve 
each are at the diagonally 


opposite corners and at a distance y?\/2 from ion ^4. The energy 
contributed by these !2 ions is --t“12 (c®/4\/27T£q/?)^ the next nearest 
neighbours are eight C/', each at a distance RV^ from ion thus 
contributing —8(eV4'v/37reo7?) energy. The next are six iVa+, each 
at a distance ^\/4=2^ and contributing 6(cV87reQ/?)energy and so 

on. Proceeding in this way ar.d adding all the terms, we get the 
total potential energy of ion A 



In this infinite series the latter positive and negative terms 
cancel each other. Aciual addition of large number of terms gives 

f/— — 1.7476 eV4Tre^j7?. 

It is the energy per ion of an ionic crystal. In general the 
factor 1.7476 is replaced by a, known as Madelung Constant^ which, 
depends upon the crystal struciuie. 

Total number of ions in 1 gm of NaCl 


__ 2xAvog3dro\s number 
Molecular weight of NaCl 

=2x6.023x10*V58.5. 


. . The electrostatic potential energy per gm of NaCl crystal 



2 X 6.023 X 1023 
58.5 


X 


L7476 


47rej)/i 



--1.80x1022 

Here factor | is introduced as each ion-pair is counted twice- 

while summing up the energy per ion for a large number of ions. 

\e sign in the result shows that this much amount of energy 
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is required to remove one ion from the 
obtained is not exactly correct, however 
quantum mechanics. 


crystal. The result thus 
it can be obtained by 


Example 14. If 2q and—q charges are separated by a small 
distance a, equidistant from the origin along x-axis- Calculate the 
electric field and potential at point F with polar coordinates r, 6. 


The electric potential due to the 
system of charges at a large distance 
r is given by 



In our particular problem, the 
electric potential at point P will be 
entirely due to the first term (mono- 
pole strength) as other contributions 
may be neglected for 
Hence 



Fig.3 2L 


^o=JIIp dV=2q—q=q, 

/. K=9/47T£or and the electric field E^-Wldr=-qlAKz^C-. 

The direction of this field h. will be along r, i.e.. radially away 
from the charges. j 


Example 15. Calculate the resultant dipole moment of a 
system of charges, shown in Fig. 3.22. Hence determine the electric 
potential and intensity at a point quite far away from the charges. 


The raonopole moment for 



Fig. 3.22. 


this system is zero as net ch .rge 
is zero. To find dipole moment, 
it is easy to find its x-and y- 
components due to individual 
charges. 

As each side is of length 
hence by the propertv^^of 
hexagonal each corner of the 
hexagon is at the same distance 
a from its centre. Hence (x, 
co-ordinates of these corners 
are respectively {~a, 0), (-all, 
ovyi), {all, a-^312), (a, 0), 
w2, — a-v/3/2) and {—all. 

-avm. 


Component of dipole moment along ;c-axis for all charges 

P«==JJJpx dV 
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-all) 


and 


p,= 2q(-a)-3q{- al2)+3q{al2)- 29 ( 0 ) + 3 ^ (fl/ 2 ) -2q{ 

~2qQ, 

\ 

Similarly its ;»-component dy for all charges 

=2q{0)-3q(aV3l2)+3q{aV3/2)-2q{0) 
+3q{—aV3l2) — 3q(-Q\/3l2)^0 

/. Total dipole moment p=Pxi+Pvi=2qaL 
Hence its component along OP=2qa cos 6. 

y=Ai/4KeQr^~2qa cos ^/47ceor*. 

Thus the electric field components are 

Er~—dV/dr=4ga cos &l4mQr^ 

sin 

- £=(2^a/47csor8; (1+3 cos^ e)y^ 
and the direction of this resultant with OP is given by 

^=tan-> (£,/£r)^tan“i (} tan 6). 

charges each of value q are placed at 

^ a fifth charge — 4q is at the origin. 

Calculate the potential and electric intensity at a point far away from 
the system of charges. 

I* jc consider a point P at a distance r from the origin, 

n IS Clear that for all charges the net value of JfJ ^dv is zero, hence 

r»f ^ moment is zero. Similarly for all charges the net value 

ryr^f ^ IS zcro, hcncc dipole moment is also zero. The 

Jk ^ due to quadrupole moment (^*) of the 

charge distribution, where 

(3 cos*0 — l)r* dv for all charges. 

As point P is very far from origin, the angle 0 can be assumed 

lor charges on the axis of and 90—6 for the charges on the 

y-axis. ® 


9P 


$9 


Contribution to of charge— 4g at (0, 0)=0 

*’ '• « -\-q at (+a, 0)=\qa^{3 cos^ 6 

+^ at (—a, 0)=i^a’*(3 cos* 6 
-\-q at (0, +d)~\qa^O sin* 6 
** »» »» +9 (0, — a)=^qa^{3 sin* 6 

A^^qa^ [3 cos* e-1+3 sin*^-l]=^aa. 

Hence the potential at P=^V^Atl4ne^r^==qa^t4nzQr\ 
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1) 

1) 

1) 
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Potential is spherically symmetric as it does not depened on 9 

hence the electric intensity at point P will be in radially outward 
direction. 


r A 


. „ dV" ^ 

• « i!*= ^ ' ' r 

A ^ * A ^ r • 


dr 


4TTSor^ 


« metal pla tes are separated by 

a ftance fO 50 cm. If a 00 volts battery is connected across them, 

them be^^een the plates and the charge surface density on 

A... ® between the parallel large plates, the work 

nnft Vif *0 'be other is (force 

unit charge) X distance =£'d. Thus by the dehnition of potential 
Potential difference between the plates V^.'—VK—Ed. 


♦ • 


or 


100 volt=£'x0.5x 10-* metre, 
£’=2x 10‘ Vjm (or NIC). 


consider a'r *be charge surface density on the positive plate, let 

.brou/h .L ,s?,“rLfofW!;7r^rus“^^^^ 

JE. d\=:qjs^ or EA^aAlz.. 


a=e(,E=(8.85 X IQ-'-^C^jNm^) X (2 X WNIC) 

= 1.77X10-’ Clm\ 

q. {^'cd^ulatl\>. of radms R carries a charge 

(r>7?X*h'e'eSuicim;nsityEis" of the sphere 

E=ql4nEQr^, 

. . Energy density at this Point=hQE^=q^l32n^eQt \ 
and r^dr ^ spherical shell between the radii r 

dU={^nr'^ dr) . {qy32Tzh^r*). 

Total energy stored U=\dU= f °° -^= _2 

J Sirso Jr 8ro 
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In the second part of the question 

iu= -LI 

J-R SksqL R J 

Using value of t/, we get Rq=2R. 

Example 19. Eight negative charges each of value e, one 
placed at the corners of a cube of side x cm, at the centre to which a 
positive charge of +2e is placed. Calculate the electrostatic energy 
of the system. 

The giv>.^n assembly of charges consists of (/) twelve pairs each 
with —e and ~e charges separated by a distance (AB=^BC=**-)=x 
and contributing an electrostatic energy 


H(-c) Gf-e) 



Ui = \2x 


Fig. 3.23. 

(-c)(-e) \7e^ 






(ii) twelve pairs each with charge —e and — e separated by a 
distance(/4F=5£'=...)= x^f2 and contribuing an electrostatic energy 

C/j = 12x-LLLi^^ = — 12£^ 

47t£oxV2 4ne„x\/2' 

(Hi) eight pairs each with charge — e and 2e separated by a 

distance {OA^OB = .,.)=x\/3/2 and contributing an electrostatic 
energy 


— o ( c) 2e 

® 47TooX\/3/2 A-r:eQX\/3l2 ’ 

(/v) four pairs each with charge — e and — ^ separated by a 

distance iAG=BH^CE =DF)— x^3 ciVid contributing an electro- 
static energy 


U4=4X 


(— e)(—g) _ 4^2 

4neQX\/3 47itQX\/3' 
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^ Therefore the total electrostatic potential energy of the given 
system or the work done in forming such a system of charges 


U 


I7e^ _l_ 12e* 


I6e= 


+ 


4e 


4reeoa: 47 te„xy /2 47r£o,x:v 3 


4e= 


4rt£(,X 


3 + 


3 8,11 

y/2 \/3^\/3j~^'^^^ joules. 


X 


Oral Questions 


1. 


4 . 

5 . 


€. 


8 


10 . 


that no wwfk done in carrjirga positive test 
m ^ u^'' ‘-■quipoienfal suiface? Does it 

one pol^t t , .he 

Snl wheJ'e°“ ^ (“) a 

Wiiat is the oplica^ ana’O;; of equipofential surface ? 

What can be said about E, if it is defined as a gradicut of tcalar field ? 

msuhned conductor have to be 

d ™lc' ‘ eternal 

ch^^gec? sihl.‘rcycind Vim charged 

fte cenoe. (r/) spherical surface wi.Va PoinVetrge anhVrVtrVf 

How are MeV and the atomic mass unit {mu or u) related ? 

What is the energy ?>s ciated with a doubly chara^H * 

passes thrt^ugh a potential difference of 1,000 voltf ^ ® 

Can we obtain infinite potenti.l from Van de Gra,ff genera tor ? If not 


Problems 


Calculate tht sV«d‘rfV'fo'tl“n%fea'ed^^^^^ 

(1.4x 105 

a spuare: Sh;V;^^ti:e^'-^,-.-^°' --s ±„. O) of 


V=~^ f 4 + 

4"Eoa L 


xa-f>a-2za 


a 


)+...] 


directe i to ^ uniform electric 

applied f ree is 6y lft -5 i the ri ht a '^listance of 5 cm the w rlc of 

Jo'e. C iVura.e th^aS,^ 'he ParVcle istsVlO^-^s 

electncbj force. ® ^ ^ ^ electric field mtenvity and the wrrk of the 

(10^ N/C, —15x10-6 yoa/g) 
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proton acquire un(?er ibe^e sarre circumstances ? ^hich particle would acquire 

the greater speed, if both were started from rest ? 

(3.2 X joule, 1.6 x proton) 

5. The electric field in (he atracsphere et the earth’s surface is approxi- 
mately ^00 volts/n^etre, di:ccted downward. At 1400 rretre above the earih’s 
surfcCe the e’cctric field in the atmosphere is only 20 volts/m. again directed 
downward. Calculate the average charge density in the earth’s atmosphere below 
1400 metre. (].l x I0"i2 couhmblm^)- 

6. A srap bubble 10 cm in radius with a Wall thickness of 3.3 x 10 "® cm 

and charged to a potential of lOO volts breaks and falls as a spherical drop. 
Show that the potential cf ihe drop is 10 kV. 

7. An at— particle (m=4 x 1.67x lO"^? kg., 2x 1.6x is emitted 

from a radon nuc’eus (8i x 1.6 x lO-i^C) with an energy 4.79 McV. Assuoniog 
it is released at rest near the outer edge of the nucleus and then Hes out into 
space, calculate the radius of the radium nucleus. (5.3 x \0~^^ metre) 

8. A red of length L carries a cha/ge A=kx3 C/ra. Find the potential at 

the point x=0, if the red is aicng positive a:— axis with left end at ;c=b. Also 
calculate the electric field. 

3A: X 109 [(LH-b)3— b3],— 9^ x 109 [(£.-f-b)2^b2] 

9. A certain very long cylinder cf radius b has a charge distribution 
p*=Ar3, where r is tfe distance from the cylinder axis. Find the differenoe in 

potential between the surface of the cylinder and its axis. 

10. Find the potential at an arbitrary point inside a uniformly charged 

sphere and preve that the potential has an extreme value at the centre of the 
sphere. (po/^Ej,) 

11. ^ spherical charge distribution has a volume density p=-/</r, where 

r is the distance frem the centre of the distribution, inside this distribution 
and is zeio cutMde to it. Calculate the poientiij at an arbitrary point. 

(/4/eo) (7?— for and AR^jlzQrfoT R. 

12. If 93 C/238 nvc’cus Splits in two equal fragments. Calculate the (0 
repulsive force acting cn each frnpmcnt and (//) the mutu?! electric potential 
energy of the two fragments. Given that the radius of tfe initially spherical 
C/238 j^ucleus is 8 0 X 10 i^nitt'e and the fragments are equal in size and 
charge, spherical and just touching. 

13. Show that the potential energy of two coplaner dipoles Pi and pg 

at a d’starcer apait is (sin sjn 2 cos ccs 

and ^2 are the angles made by Pi andp 2 respectively with the line joining 

their centres, 

14. Positive charge is distributed with uniform density p through 
out the Volume of a srhere. Show that the electric field at a distance 
r from the cent-e of the sphere is £*= p;.| 3 g:^ Show that if a particle 

of mass m and charge— 9 is placed in the sphere, it will execute simple har- 
monic vibration tack and forth through the centre with a period 

2n(2eo»7/p^)''^ 

15. Ft ur equal charges each cf value-f-^ are symmetrically arranged along 

the circumfcienc# cf a circle of radius and a charge— 7^ js placed at the 
centte. Calculate the e’cctric field at a far distant point at a distance r from 
this system. OqjAm^r^) 
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Calculate the electric poterfialardherce the electric intensity at a 

point i’at a distance r (^a) ftom the oricin due to a system cf charges,— 2 y 
at the origin. at point (a.O) and-f-^ at a point (0,^?). 

qa{cos fin-sin fi)/47rcpr®j ga\^i5~t6 sin ficos fi}/ 47 r£or® 


^ Six equal positive charges, q, are kept at six corners of a regular hexa- 
gon of sides a rf a charge — 69 is p'aced at the centre, calculate the p tential 
and hence electric intensity at a large distance r. 


Oqa-jZT.z^r^^ 9qa~i%7zz^r‘^] 


ihm ^axial cylinders form the plates of a capacitor. The radius of 

1 /- Z ^ Show that if the radius of the inner cylinder is 

thl t'efield strength at theWaceof 

tnc inner cylinder is least for a given potential difference between them. 


19. The electric potertial at any point in the x— >-p]ans is given by 
Find the cartesian components of the electric field intensity at that toint. 


20. Two protons in a nucleus of are 6.0 x meter apart. What 
is their mutual electric potential energy ? The charge on a proton is 1.6 x lO-^^ 

coul, (3.84xl0-^J joule.) 

21. Given point charges+i? at (fl/2.0.0) ard— fjrat fl/2.0,0) in empty 
space, show that for a point in x>' plane at distance r fr^m the origin the 
limiting form of electric field cumpoi ents when is as below 

c- _ ^<1 ( 3^' 1 \ C _ 0(1 3xy 

/I— e- m'i I «.2 ^ li^V 4 O’ ■ .J 

\ J 47iCor^ r- 

22. A sphere of radii 1 cm is charged to a potential of 3000 voUs. 
Calculate the out ward pull per unit area. 
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4.1 CAPACITANCE 


of 


know lhat the potential of a charged conducting sphere 
assuming the sphere as completely isolated is given by 

V'+ — ...(1) 

4nco R 


^here q is the charge on the sphere. 

Let us now imagine a second sphere of radius R, carrying a 
negative charge — q and situated at a large distance from the 
first sphtre so that one can consider each sphere as electrically 
isolated. The potential of this sphere is given by 



5L 

47teo R • 


• • Potential difference between these spheres 






^=(27ieo/?)F' =CV\ ...(4) 

This relation shows that the potential difference is proportio- 
nal to the charge on each sphere. The constant of proportionality 
epends upon R and is known as capacitance of the system of two 
spheres. It is denoted by the symbol C\ 


, If these spheres are brought close together, the presence of 
‘3aco will now spoil the spherical symmetry of the lines of force 
starting from each and the above relations do not hold good. We 
icnow that the positive charge brought near to an isolated conductor 
‘raises the potential of ihe conductor and negative charge lowers 
the potential. Thus in the presence of the negatively charged sphere 
the potential of the positively charged sphere will decrease from 
V to some lower value F+. Similarly the potential of the nega- 
^:iwely charged sphere will be raised ftom VJ to a higher value K-. 
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Thus the potential diflferencc between two spheres is reduced consi- 
derably, although the charges on the spheres have not changed. The 
'Capacitance of the system of two spheres defined as C=qlv is hence 

increased. In this way we see that the capacitance of L sys^Z 

by bringing the conductors close 

tiQ n capacitance of a single isolated spherical conductor, such 
. • radius R can be obtained by assuming the second 

Sv carrying an equal and opposite charge and of 

snhLe U radius. As the potential of the infinitely distant 

is given ir capacitance of a single isolated conductor 


C=qlV=iT.z^R, 


•••( 5 ) 


be defined as tbe^rli^roi' capacity of a conductor may 
The ST unit nf required to raise its potential by unity 

farad (10->2 farad = 1 Miif= i nf\ or» ^ V ^ ® ^ micro-micro 
farad is a large quantitfof caiacitance“™° ^ 

inductive diVlacemenT fak'^s^’place^Shrn ^ conductor A, 

negative charge te^s to fovw nnt'^ r ‘=‘^a’'ge. This 

■Charge on B tends to raise it positive 

counteract each other but the opposite charges nearly 

influence as it Tneare to the greater 

potential of .4. If th^ conductor ‘he 

<ive charge on B disappears and earthed, the posi- 


A 

+ ( + 
+ t 

H“ S •!“ 



t3 

~ I 4- 
-f 

- + 
- I i. 


4~ 


A 


, . — o duu 

negative charge does not go to 
earth as it is attracted by the 
+ve charge on the conductor A. 

Hence the potential of conduc- 
tor A is much lowered due to 
the presence ot — ve charge on 
the conductor B. Thus we see 
that the potential of an insula ed 
charged conductor can be consi- 
derably decreased and hence its 
capacity can be considerably in- 
creased when on earthed conductor 

The capacitance Of rcanSftor rn'^’H'’^ condenser. 

ilalTrS 

■t^harge, which is zero but themaShu'S the Sfrge" on e";;ie; plaTe! 



Fig. 4.L 
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Charged capacitor is analogous to the rigid container of 
volume V containing n molecules of an ideal gas> We know that for a 
perfect gas 

PV=nRT or V^nRTlP=nl{FlRT). -..(6) 

Its comparison with (5) shows that the capacity C of a - 
capacitor, assuming a fixed temperature^ is analogous to the volume 
V of the container. Any amount of charge can put on the capa- 
citor as ore can put any mass (depending upon number of molecules) 
of gas in the container. The limits correspond to electrical break- 
down for the capacitor and to the break -down of the walls for the 
container. Capacitors are very useful to Physicists and Engineers, 
For example — 

(/) Capacitor can be used to establish desired electric field. 
The behavior of a dielectric material can be studied by placing it in 
an electric field produced by a capacitor. 

(ri) Capacitor can be used for storing energy, as it can con- 
fine strong electric fields to small volume. Energy accumulated in 
a large capacitor is used to accelerate the electrons by discharging 
the capacitor in a much shorter time in electron synchrotrons (a type 
of accelerator). 

{Hi) Capacitors are very useful to reduce voltage fluctuations 
in electronic power supplies, to transmit signals, to detect electro- 
magnetic oscillations at radio frequencies and to other important 
electronic circuits. 


4.2^CALCULATION OF CAPACITANCES 

^ ^The method for the calculation of capacitance involves integ- 
ra^n of the electric field between two conductors or the plates 
which are just equipotential surfaces to obtain the potential differ- 
ence. Thus the capacitance of a capacitor 


V —jE.dY 

Let us now consider different cases : 



(a) Spherical capacitor. Let us now consider an isolated 
spherical conductor of ra dius R, Capacitance of such a spherical 
conductor 


F 


ql4r.£QR 




...( 8 ) 


(b) Capacity of a spherical conductor enclosed by an 
earthed concentric spherical shell. Let the radii of the inner 
sphere and the outer spherical shell be a and b respectively. If a 
charge+g be given to the inner sphere, a charge —g will be induced 
on the inner surface of the outer sphere. We know that the 
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intensity at any point inside a hollow charged conductor is zero, 

thus the intensity inside the region between two spheres will be that 

due to the charge on inner sphere only. Intensity at any point Z', 

distant r trom the centre of The inn ?r sphere can be obtained by 

using Gauss's law. Considering a gaussian spherical surface thro- 
ugh this point P, we have 

JE. 

E, ■ or E—qj^vv^^r-, 

This r.^.atioa in Jie it:s thai; the rte!d betvecatwo 
spheres is independent of the charge on the outer sphere. 

Potential difference between the spheres 


» • 


concentric 


4 « 


- - 

I a 




At.z 


1 


0 


Hence the capacitance of tiiis 
•system 


C=-?-=4-^6 

y ‘^'•^0 



'• • • • 


(9) 


Fig. 4.2. 




that of*^an corresponds to 

infinity. ^ surface has been removed to 

centri J soheHc^af earthed sphere enclosed by a con- 

sphere and the hnllnw^ u ^ the radu of an earthed 

d t.ae hollow spherical shell respectively. If the shell is 

thick, let us assume that its outer radius 

is c. Suppose the total charge given to 

the outer shell 5 is g and the induced 

charge on the inner sphere A is—^i. The 

charge +qi will be on the inner surface 

of the outer sphere and the remaining 

charge q^{=g—g.^) v/ill remain on the 

outer surface of the outer sphere. In this 

way system works as the combination of 

two condensers: (/) that between sphere 

A and the inner surface of shell B and 

.u ^ between outer surface of shell B 

thft nf tJ of the former is 4net,ablib-a) while 

that ot the latter is 47zZqC. 



Fig. 4.3. 


Capacity of the system C=47T£(,|r 

iL b—a 


+ 


...( 10 ) 
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If the shell is not thick, we can write c=6. 

This relation can also be derived as follows : The potential ir- 
zero at infinity and also that of the inner sphere, the potential of 
the outer shell is thus given by 


• # 


or 


V 



E. dr 


E. dr 


00 


00 r 


1 


47rg 





’dr 


^2 

q 


47ceoC V and 47cco V abKb 

Vic+ablib — a)], 


-a)> 


# • 


Capacity C 





id) Capacity of a cylindrical capacitor. When a metallic 
cylind^ of radius a is placed coaxially inside an earthed hollow 

cylinder of large radius 6, we get cylindrical capacitor, A 
s^^pafine cable is an example of such a capacitor in which the- 
inner conductor consists of copper cable and the sea water is the 
outer earthed cylinder. 


If a charge q is given to the inner cylinder, induced charge—^ 
will reach to the inner surface of the outer cylinder. Assume that 
the capacitor is of very^ large length {l>b) so that the lines of force 
are radial and the fringing of lines of force at the end can be 
ignored. 



To find the electric field between the 
cylinders, let us consider a gaussian cylin- 
der of radius r (>a and <.b) and length 
From Gauss’s law, we have 

JE. dS={llt,)E q. 

As there is no flux through the ends 
of the cylinder (E J_ dS) and E is constant 
on and to the gaussian curved surface, 
hence 

E. Inrl'—HlsQ) A/' or E=?<l2ntQrf 


Fig. 4,4. 

V—\l E.* 


where A is the charge per unit length on. 
the inner cylinder. Therefore, the poten- 
tial difference between the cylinders 
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If the capacitor is of length /, its capacity 


- 


M 




V \og,(bla) log. {bla) 


...( 11 ) 


/. Capacity per unit length C=27reo/log. (b/a), ..,(12) 

(c) Capacity of a parallel plate capacitor. Two metallic 
parallel ^tes of any shape but of same size and separated by a 
small distance constitute parallel plate capacitor. If charge^ is 
give^i^^e'''t^ plate P, it will induce a charge —g to the upper 
surface of the earthed plate Q, Let A be the area of each plate. 
If the separation d is assumed to be very small contpared with the 
plate dimensions, so that the fringing effect at the edges of the 
plate can be neglected. Thus electric lines of force starting from 
plate P and ending at the Q plate are parallel to each other and 
perpendicular to the plates. 




P 4 




+ 
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Fig. 4.5. 


We know from § 2.9 (G) that the intensity at a point betweenr 
the parallel plates is oIcq, where <t is the surface density of charge. 
Thus the potential of plate P is given by 








Here the distance is measured from the lower plate 0 in upward 
direction. 


Capacity C= 


g qA 

V ~ 




Instead of two plates, if there are « similar plates at equal 

distances from each other and the alternate plates are connected 
together, the capacitance of the arrangement is given by 
C=(n—\)z^Ajd. 


From relations (5). (8), (9), (12) and (13). it is clear that 
relations for capacitance depend only on geometrical factors. These 
relations suggest that Eq, the constant obtained in Coulomb’s law^ 
can be measured by building a capacitor of accurately knowa 
dimensions and determining its capacitance experimentally bvt 
measuring charge q and potential V. 
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4.3. EFFECT OF A DIELECTRIC 

Relations obtained earlier for the capacitances of different 
sJfapes^^mJ sizes hold only when the plates are in a vacuum or air. 

fael Faraday, in 1837, first investigated the effect of filling the 
space between the plates with nonconducting material {o'c dielectric) ^ 
say mica or oil. He took two identical capacitors and placed a 
dielectric in one and in other an air at norma! pressure. When 
both capacitors were charged to the same potential difference, he 
found experimentally that the charge on the one containing the 
dielectric was greater than that on the other. From the relation 
C= 9 /K, it follows that capacitance of a capacitor increases if a 
dielectric is placed between the plates. 

Capacitance with the dielectric C? 


Capacitance without the dielectric C 


= Dielectric constant k. 


Instead of maintaining t'-'C two capacitors at the same poten- 
tial difference we can give the same charge to each capacitor - 
Experiment shows that the potential difference between the plates 
of the capacitor filled with the dielectric is smaller than that 
without it and ^ has no unit, as it is just a ratio. Its 

value is 1 for vacuum and oo for metals. 


The above experiment can be repeated by inserting a sheet of 

dielectric between the plates of a capacitor. It will be observed that 

the potential difference decreases as we insert the dielectric and it 

returns to its original value when the dielectric is removed, showing 

that the original charges on the plates were not affected by 

insertion of the dielectric. This reduction in potential difference 

implies a reduction in the electric intensity, which further implies a 

reduction in the net charge per unit area. As there is no leakage 

ot charge, the reduction in the net charge is possible as a result of 

the induced charges appearing on the two surfaces of the dielectric, 
as shown in Fig. 4.0 {;?). 



(a) ib) 

Fig, 4.6- 

The dielectrics are often used to perqjit a higher potential 
difference to be applied between the plates. ‘Thus in the presence 
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of the dielectric between the plates, the capacitances are thus 
given as : 

Cd^kC=keoAld for parallel plate capacitor. 
=27zkeJj\oge {b!-y) for cylindrical capacitor, 

==^47zsQkR for spherical capacitor. 


In general vve C-in write the capacitance of any capacitor as 


Cti — Q Ef 

where L depends on ihe geometry and has th : di oensions of a 
length. 

4 4. ENERGY STORED BY A CHARGED CONDENSER 


A charged capacitor .'tores an wjctrie potential energy in it, 
which is equdi to the vvork required to ciiaigs-* it. h is identical to 
the potential energy stored m a compressed spria^ or tlic gravita- 
tional potential energy stored in the earth-mo:»n system. Thi^ energy 
can be recovered if the capaciior is allowed 1 1 'dis:harge. If the 
charging is done by a battery, electrical energy is st ^red at the 
expense of chemical energy of battery. 

For the calculation of thi-' energy slor?d in a ch iiged capacitor 
we as'-'ume that as the capacitor g:ts charged to a higher and hig'ier 
potential, the work to bring up each increment of ciiarg: increases, 
as the collected charge increases. Suppose that at a time /, a ciiarge 
^ (t) is present on the capaciior and V is the poie.'tial of the c tpaci- 
tor. If r/tg amoiinr of charge is brought a':'--iir'^t the forces of' the 
field due to the charge air.a jy present on the capa:itor, the oddi- 
tional work needed will be 


dlV=Vdq={qlC)dq. 

Total work to charge a capacitor to a charge 


W 


-{""'-I 


j q 

0 ‘ C 


dq 


qo\ 

1C 


...(14) 


• • 


Energy stored by a charged cop .ciior IJ—W= \ q^\C 


, If ^0 is in coulombs, C in farads and V in voli^, U will be in 
joules. 

The relation (14) shows that the charged capaci'or is the eiec- 
ncal analog of a stretched spring whose elastic potential energy is 
. The charge q^ is analogous to the elongat.on ;c and 1/C, i.e , 
the reciprocal of capacitance to the force constant k. 

We may consider that the work done jn charging the capacitor 
produces an electric field. To determine the relationship between 
stored energy and the ^ectric field, let us choose a parallel plate 
capacitor of area A and” plate separation d. The electric field is 
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uniform in the region between two plates and the fringing efiFects are 
negligible. Energy stored by such a capacitor is given by 

„_lq^ 1 (a AY 1 a^Ad 

or energy per unit volume=aV2eo. 

But we know that the electric field E due to a parallel plate 
conductor with a surface density a is (j/sq. Thus we get 

C//vo!ume=aV2£o-=K^' = 2^o^* E. ...(17) 

If the capacitor is placed in a medium of dielectric constant k, 
the value of capacitance C—kz^Ajd. 

Stored energy per unit volume=^^A:eQ ...(18) 

Although this relation was derived for the special case of a 
parallel plate capacitor, it is also true for others. This relation 
shows that the energy stored per unit volume depends on If E is 
the electric field in a space of volume then the total stored 
energy in an electrostatic field is given by 

U=-\tQ ..■(19) 

This energy is known as self energy. Self energy does not 

change when we change the relative position of the charges and is 

not included when we calculate the energy stored in an assembly of 
charges. 

Self Energy. Let us consider two isolated charges, which are 
far apart. The self energy of each charge is given by Eq. (19). The 
total stored energy, when the charges are brought close enough to- 
gether so that there is an appreciable overlap of the field, (E=Ei+E,)„ 
is thus given by 

C/=ieoJ(Ei + E2).(Ei+E2)i/T 

E^dr, ...(20> 

The first two terms are the self Energies of the two separate 
charges and the third term is the energy resulting from the overlap- 
ping of the two fields and is equal to the potential energy of one * 
charge in the field of the other. 

At Constant Potential. If the potential is kept constant by 
connecting the capacitor with a battery, the expression for the 
energy stored by the capacitor of capacitance C can be obtained 
as under. If the distance between the plates is decreased, the 
capacity increases and the charge is accumulated and energy is 
thus stored. Work done by the battery when a charge dg increases- 
the capacitance by dC is given by 

dW=Vdg=V^dC. 
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Total work done by the battery 





If C,=0, i-e., the plates are initially at infinite distance apart 
and C 2 =C, then 


W=V^C=qV )o\i\ts, ...(21) 

4.5 FORCE BETWEEN CAPACITOR PLATES 

us consider a capacitor consisted of two parallel plates F 
and Q. Plate P is given a charge + ^ and plate Q is earthed. 
Line? offeree start trum plate P and end at plate Q. If the plates 
are assumed to be of infinite size and the end effects (curved lines at 
the ends) are neglected, one can as^arae the eleerri: intensity of the 
field between these plates as equivalent to the field of an infinite 
charged conducting plane. There are two possible cases. 

(fl) When the charge remains the same. The force of 
attraction per unit area between two plates of a capacitor is equal 
to the outward electrical force per unit area on the surface of plate 
P and is given by 

F—a^l2tQ= Newton/meter% . . . (22) 

(b) When the potential difiference between the plates 
remains constant. In this case potential is applied by connecting 
a battery across the plates of a capacitor. As the potential is 
measured, hence the expression for the force of attraction should 
be expressed in terms of potential difference between the plates. 

Q^-CV^{^^Ald) V=aA, 
or Charge per unit area Q = ^QVjd, 

'^^Q\d) 2 d^ ...(23) 

This relation is used in an attracted disc electrometer. 


The expression for the force can also be derived from the 

expression for the energy stored. If F is the attractive force between 

the plates, the external force — F is required to move the plates 

apart, the external work required to increase the plate separation 

by an amount d^ will be — F.Jx. Hence the increase in internal 

energy dU^—E.d^, As the energy stored for the parallel plate 
capacitor of separation x, 

U^WlC^q^xIlz^A, 

dxL2€odJ .IzqA 


...(24)^ 

...( 25 > 
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A$ is positive and is +ve, hence Fis negative which 
indicates that F is in the negative x direction, giving attraction 
between the plates. 

4-6. FORM OF C \PACITORS 

The capacitors most commonly used are of the parallel plate 
type. Parallel plate capacitors consist of two metallic foils with 



Fig. 4.7. 

mica or paraffined paper as a dielectric between them. In the former 
case capacity can be increased by connecting alternating plates 
e same terminal (i.e., connecting capacitors in parallel) and 
nc 1 . caceiMs done by taking two strip? of metal foil (tin) 

uia.cd by the dielectric (paraffined paper) and rolled up in the 
rm Oi a cylinder for compactness. The paraffin-waxed paper is 

^tid can easily by rolled, but the power ab- 
rbed m such a capacitor is large in ac circiHts. 

Mica capacitors consist of a pile of alternate parallel layers 
mica and copper sheets. Since mica absorbs little power, hence 
ica capacitors arc generally used in ac circuits^ c.g., in radio and 

Apart from the capacitance, an almost equally 
fh ^actor is the capacitor working voltage, which depends on 

pn^ r- dielectric strength of the dielectric. Because of 

dissipated in the capacitor, the working voltage decreases as 

Frequency of the source is increased, roughly as Mica 

ca^pacifors are having capacitance range from 0.0001 to 0.05^^/ at 

w^TKing vo.tages up to 500 volts and paoer caoacitors from 0.01 

to lU/i/at working voltages up to 1000 volts. It is due to the 

reason that the thickness of dielectric is ver\' small in the lat'er 
case. 


lectrolytic Capacitors. Electrolytic capacitors are used 
en a very high capacitance is required. This type of capacitor 
Dsists of two plates of aluminium as electrodes and the extremely 
la film of aluminium oxide (10"® cm thick) as dielectric. This 
m IS formed on the positive aluminium electrode by the electroysis 
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of a solution of alaminium borate. In the wet type, the anode 
is in the form of a cylinder, which is immersed in the electrolyte 
contained in a metal can, which works as a cathode. In the c/rj 




Aluminium 


•Aluminium 

bor.jL* 

soluti on 


Al.'.jrninium 



Fig. 4.8. 

type, both plates consist of long strips of aluminium foil, on one of 
which aluminium oxide is deposited electrically and is separated 
by cotton or paper gauze soaked m the electrolyte and then rolled 
up in a cylindrical form. 

Oxide film on aluminium has a low resistance to current flow 
m one direction and high resistance in other direction. Thus 
electrolytic capacitors can only be used in uni-di'ectiinal supplies 
such that the potential of the oxide plate is always +ve relative to 
the other plate. These are widely used in radio sets as a smoothing 
capacitors. As a capacitance varies with temperature, a stable 
condenser must be used in radio-sets, where accurate tuning is 
required. Silver mica or silver ceramic capacitor is more reliable 
tor this purpose. It consists of a mica sheet with a silver deposite 
on both sides or a ceramic tube with a silver deposition on inner and 
outer sides. The silver deposits will work as electrodes. 

Variable Capacitor. If a continuous variation of the capaci- 
ance is required, a variable air capacitor of the parallel plates or 

0 the coaxial cylinders is used. The former consists of two sets of 
plates, usually semicircular, one set is fixed and the other can be 
rotated. These plates are insulated and parallel and are of 
aluminium or brass generally. When the movable part is rotated 
Its plates move in the gaps between the plates of the fixed part 
and the overlapping area between the two sets changes and thu« 
Changes the capacitance of the capacitor. The variable air capacitor 

01 this type is used in ac bridges and in radio-sets. 
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The latter form consists of two coaxial cylinders of same 
diameter, with a small gap between them. A smaller cylinder 5 
IS caused to slide in or out of the cylinder i4 by a support which 
^slides upon C, so that the length of B lying with in A can be varied 



4.9. Fig. 4.10. 

and measured. Cylinder A is insulated and B and C are earthed* 
The change in capacitance can be calculated by knowing the 
distance through which cylinder B moves in or oiit. If a scale of 
length is attached with a slider cylinder and the absolute capaci- 
tance is determined experimentally at one position, the capacitor 
can be calibrated. 

Guard l^ng Capacitor. In the derivation of the expression 
for the capacitance of a parallel plate condenser, we have assumed 
the field between the plates as uniform 
and fringing effect at the edges ^as 
negligible. But in actual practice the 
' field is not uniform at the edges and 
the expression 

C=^o d/d 

is only approximate. fig, 4,11. 

To overcome the end effects, Lord Kelvin devised a modified 
lorm of p^allel plate capacitor by using a ring surrounding the 
plate A. The outer radius of the ring matches that of the bottom 
- sarihed plate B and its inner radius is slightly greater than that of 




Fig. 4.12. 


ihi/shlnrH f ^ leaving a small 

to the outside edge of the ring, leaving the field uniform over the 
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■whole area of plate A, It is why the ring is kaowQ as guard ring. 
Area of the guard ring is not used in calculations as its effect is to 
shift the fringing field. Kelvin found that the effective area of the 
plate=/4'=Area of the plate A+i Area of the gap between the 
ring and the plate A. The cross-sectional view of the guard ring 
capacitor is given in the Fig. 4.12. A similar arrangement can be 
made in the cylindrical capacitor. Two coaxial cylinders constitute 
a capacitor, 

4.7. KELVIN’S ABSOLUTE, OR ATTRACTED DISC ELEC- 
TROMETER 

For the measurements of potential differences the electro- 
magnetic voltmeters are less accurate as they require some electric 
current for their working, where as in electrostatic cases the current 
is to be avoided completely. Certain instruments have been devised 
which measure electrostatic potentials correctly and are named as 
electrometers. The simplest type of an electrometer is gold leaf 
electroscope. On account of its low sensidveness and the uncertainty 
in the value of its readings, more advanced instruments, absolute 
electrometer and the quadrant electrometer ^ are used. 

The principle of absolute electrometef depends on the 
measurement of the force of attraction between the plates of a 
parallel plate capacitor, across of which the unknown potential- 
difference is applied, in terms of the known weights. As this pd 
is measured in terms of force of attraction and dimensions of the 
capacitor which can be expressed in terms of the fundamental units 
of mass, length and time, hence it is called as absolute electrometer. 
It is known as Kelvin's absolute electrometer as it was first devised 
by Lord Kelv n using a guard ring air condenser. 



Fig. 4.13. 

In this instrument, the disc A is surrounded by a guard ring 
Gu with a small air gap. Both are in the same plane (horizontal) 
and are connected together by a light flexible wire and hence are 
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always charged to the same potential. The disc A is hori- 
zontally suspended by a delicate spring S, connected to the 
rod. which can be raised or lowered by a micrometer screw M. 
A fine cross is attached to the disc A to see by means of a telescope 
whether the disc ^ is in the plane of guard ring GG or not. 
Another disc B of radius equal to the outer radius of the guard ring 
is kept parallel to the disc A and can be raised or lowered by means 
of another micrometer screw A’. The distance moved by the disc 

B can be accurately read on a graduated scale, similar to that used 
in spherometer. 


Let Fa and Fb be the potentials of discs A and B respectively,: 
which are at a distance d apart. As the use of guard ring produces 
a uniform electric field E between the discs A and B, hence 

j ; E ^‘"=^['1 ~ Ed . 

Va—Vb^ Ed or E=iVA—VB)ld. 

We know that the force of attraction exerted by this electric 
field is given by the relation 

A/d\ 

or ^VA—VB^dV^E/eQA, ...(26) 

To use the electrometer all the plates A, B and GG are 

earthed and the plate A is made in the plane of the guard ring GG 

with the help of the screw M, A small weight ‘w’ is then placed on 

the plate A, which depresses it below the plane of GG. The plate 

is raised with the help ot the screw M, so that it is again in the 

plane of GG. The weight *rri is then removed. The spring S pulls 

the plate A above GG. At this time force *mg'^ is required to 

bring the plate A in the plane of GG, All the earth connections are 
now cut off. 

The unknown potential difference can be measured by connec- 
ting the +ve terrpinal to the plate A and the — ve terminal to the 
plate B and by using the above relation. The main difficulty is the 
measurement of d, the distance between plates A and B. For this we 
use an alternate procedure given below. 

The plate A and guard ring GG are now kept at constant 
potenhal by connecting any one with the +ve terminal of an elect- 
rical machine or a bettery whose — ve terminal is earthed. The 
plate B is then connected to the first of the points, the potentiaL 
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difiference between which wc wish to measure and its position 
is adjusted by means of screw /V until the plate A is in the plane of 
GG, At this time the force of attraction due to the electrostatic 
field is equal to mg. If Vi is the potential of the first point, that 
of the +ve terminal of battery and the separation of two plates, 
then 

Now plate B is connected to the second point and its position 
is adjusted again until the plate A is in the plane of GG. If ^2 is 
the distance between plates A and B and the potential of the 
second point, then 

Kq— V^^dz^lmgjtQA. 

Kg— Ki=Wi-J2)V2mg/£o^- ...(27) 

The difiference {di—d2) is the difiference of the two micrometer 
readings say xx and jcg, hence 

y ^—V\=(xi — x<^\/ 2 mgl^^A. ...(28) 

The potential difiference is measured in terms of the difiference 
of micrometer readings, the mass n/ and the efifcctive area of the 
plate At which is tqual to the area of pi ite /l±u the area of the gap. 

The main advantage of this electromet.-r over the others i' that 
it does not require any known potential difference for the calibra- 
tion. It measures the unknown pd in terms of distance, fofc^ end 
area. Itds comparatively less sensitive than the other forms of 

electrometers. 


Since the reM‘^tance of a voltmeter has a finite value, it always 
draws some current from the circuit in which it is connected ai d 
therefore show's iess value of the poTennal difference. On the 
other hand, the attracted disc electrometer is a^. air conaen er 
having infinite resistance and hence measures th r actual potciitidf 
difference. Another use over voltmeter is that it can be used fop 
the determination of the dielecrric constant of a material whicji 
can be taken in the form of slab as voltmeter cannot (qi 

this purpose. 

The main disadvantage over the voltmeter is its cnmbcisomc 
arrangement. It is not haody, like a voltmeter. It is not sensitive 
for measuring or comparing small pds and cannot be used for 
measuring ac-pctential differences. 

Determination of Dielectric Constant. Kelvin’s attractive 
disc electrometer can be used for the measurement of dieiccric 
constant of several solid substances. The substance is taken in the 
torm of a slab of area equal to the area of the plates. It is introduc- 
ed between the plates of an electrometer. 
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Capacity with dielectric slab of thickness t and of dielectric 
constant k = A^Ql[d~t{l~~l/k)]. 

Thus we see that the effect of introducing the slab is the same 
as would be produced by diminishing by the amount t (l—lfk) 
without introducing the slab. Hence to bring the capacity to the 
same value the (i should be increased by this amount when the slab 
is in. Cailirg this displacement as h, we get 

h=t[l - Ilk) or k = tl{i~h). 

Here thickness t is measured by bringing the plates in contact 
with and without the slab in between the; e two. Thus k is calcu- 
lated. 

4.8. DOLEZALEK QUADRANT ELECTROMETER 

In 1860, Lord Kelvin invented a more sensitive electrometer 
known as quadrant electrometer. It was later modified by Dolezalek 
and is therefore known as Dolezalek Quadrant Electrometer, It is 
very sensitive and is used in number of ways. 

It consists essentially of four hollow brass quadrants so as to 
form a shallow circular box with short air gaps between the quad- 
rants. The diagonally opposite quadrants are connected in pairs 
and are well insulated by being supported on amber pillars. A light 
paddle, made of thin paper coated with silver or of aluatinium is 
suspended by a phospher bronze strip. It is of a double sector 
shape and is frequently called the needle from analogy with the 
galvanometer needle. In the better type of instruments quartz fibre 
made conducting by dipping in a solution of calcium chloride is 
used as suspension. The upper end of the suspension is hooked on 
to the torsion head which can be rotated as well as raised or lower- 
ed and then clamped in any position, so that the needle is free to 

swing in a horizontal plane without touching the quadrants. The 
deflections of the needle are measured with the help of a lamp and 
scale arrangement, reflection taking place from a tiny mirror attach- 
ed to the suspension fibre. The whole instrument is enclosed in a 
metal box which is earthed to protect it from stray electric field and 
the disturbance of air draughts. This box also provides window for 
the light beam. Three levelling screws are htted to the base. 

The needle is charged to a 
higher potential and the unknown 
potential difference is applied 
between the two pairs of quad- 
rants. Since the capacity ot each 
pair of quadrants is the same, the 
charge on BB i > less than on AA 
and therefore the force of repul- 
sion between BB and the needle 
is less than between AA and the 
needle. As a consequence the 
Fig, 4 14, nee lie is deflected toyvards the 
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.pair at lower potential BB by a couple equal to the difiFerence bet- 
ween the couples due to charges on BB and AA. 

The complete theory is somewhat difficult, but a sufficiently 

accurate result is obtained by an approximate method, an energy 
evaluation method. This method is based on the assumption thaf 

one- half o f the paddle u considered to be a sector of a circle of radius 
r and as the ciuadrants are edge to edge, the direct capacity between 
therms asui ned to be negligible in comparison of the capacity between 
■quadrants and needle. Ln d be the angle of deflection wnen pairs A 4 

velt '■* ^ at po.ontiiis r, an.l K, respecti- 

“ As Ihsrs are .»o luces ,; . ,e 

fnd'' ^ the needle tv is increased 

and ofquddrarie .4 and the n“edle is decreased by the same 

nlpm s'" d IS the thickness of air space bet- 

4 /V n ^ As the potentials remain constant 

1’ V 2£or-0 whilst the other pair 

tia'i from the (kfiaition of poten- 

i- nr n i'r •' done by the source of supply 

1.. pros, dm a this charge to 5 AT is 2s„r-0(K„— F^V-V and the w^ork 

done on the source of supply during the loss of cltarge from A M 

capacilor ,s 2v'» IF,- F.m Thus the .oh. cL?s, suppUe^to 
the decir, meter l,„m ,he „f juppi, ij “ 


2’ 


((f^o-K2»=-(Fo-Fi)-] 


=lioL^ 

d 


[f„- 


Ki+F 


8 



■potential' enerev^of'th''-^'^ partly m increasing the electrostatic 
rants and tne®^bdaSV 

pIp twisting the susoension fibre As the 


eketrosta’i- nrMpnTi'r the suspension fibre, 

increase in condenser is i CF^ the net 


givetfS,'" th; cond 


enscr system is 


I Is^r^B 


1 


2 d 


(Fo-Fi)= 


W 
2 


...(29) 


the lupply, used^ffi^wn-nViVr-' supplied from 

the Clcfleco’ng counk is CO a J “h'"' Pr:'Po7i'0nal to 5, hence 

rif.' SrSiS'f's.'rf;' y- '“Vui’h'e 

hr,,™ the 1.0 couples ,,e equa'i hence ■ ‘ 

cB={2^,rfd) (Vi-V,) [Fo-i(Fi + F,)] 
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e={2^orVcd) (V 1 -V 2 ) [V„-UVi+Vi)] 

^KiVi-V^) [Fo-KKi+Fa)L ..-OO)-- 

where K=2£f^r^/cd is a constant for the instrument. 

There are two ways of using the quadrant electrometer as a 
potential measurer : 

(1) Heterostatic use. Here the needle is charged to a very 
large potential as compared to Vi and V 2 . Thus or V 2 and 

0=K[V,-Vs] Fo=-r[Ki“F 2 ], where r = ...(31) 

Hence in heterostatic use, 0 oc (Fi — Fg). 

(i7) Idiostatic use. Here the needle is connected to one 
pair of quadrants say .^4^. The unknown potential difference is 
applied across BB and the common contact of N and AA. Thus 
Fo==Fi and 

0=/i:(Fi-F2)[Fi-Kf^i+f^2)J=*lA:{Fi-F2)2 

=^(Fl"F 2 )^ where K"=iK. -(32> 

Hence in idiostatic use 6 cc (Fi — F 2 )®. 

Relative merits of Heterostatic use and Idiostatic use. 

We have K'IK"—2Vq. Hence K'^K‘' and therefore the heterostatic 
use is more accurate than the idiostatic use, as a small potential 
difference produces a much larger deflection in the former case. 
Another great advantage of the heterostatic use is that the 
deflection is proportional to the potential difference. When the 
instrument is used idiostatically the deflection is proportional to the 
square of the potential difference and independent of the direction 
and hence the instrument can be used for the measurement of 
alternating potential differences. As K'^K", hence fer a given 
deflection, the value of Fi— F 2 will be greater in idiostatic use than 
in heteroslalic use. The range of the instrument is therefore 
considerably extended. In idiostatic u:.e the needle is connected to 
the pair of quadrants and thus a high potential source to be 
connected with the needle is not required. Thus we see that to 
measure small potentials^ the electrometer is used heterostatically and 
to measure high potentials and ahernaiing potentials it is used 
idiostatically. 

The electrometer must be mounted on a very rigid support 
such as a stone block and must be adjusted so that the quadrants aic 
quite horizontal and the needle hangs symmetrically between them. 
The quadrants are first made horizor tal with the spirit level and by 
opening the case the needle is adjusted by eye in such a way that it 
swings freely between the top and bo tom of the hol'ow quadrant 
space and symmetrical between AA and BB qaacTarUs. The final 
adjustment is done by the spot of light obtained on the scale, as 

given under : 
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AA and BB pairs of quadrants are earthed and the needle is 
charged to a high potential. If the spot of light on scale changes, 
it means that the needle is not symmetrical between the quadiaots. 
The levelling screws ere adjusted until the position, of the spet 
is the same whether the needle is charged or not. A ■ we know 
that equal and opposite values of Ki— k'a should give equal an.i 
opposite deflecuons, the electrometer should be adjusted, after 
connecting needle to about lOO volt^, A 4 pair to the earth and the 
pair c/' quadrants to the -fve terminal of the batiery, negative 
ter.oinal of which is earthed, until equal deflections on the both sides 
of ilie zero are obtained when the battery terminals are reversed. 
Both these processes are repeated for the proper adjustment. 

A small potential difference is applied between the two pairs 
of quadrants a’-d the potential of the needle is gradually increased. 
If a graph is plotted between the dcftecbon d ai:d th*- p ’teniial of tii'; 
ne'^d!:;, a curve so obtained will b.' parabolic. The vohage of the 
needlL corresponding to the maximum defl-:'ction gives tne condi- 
tion hr maximum sensitivity. Th needle is thus charged To this 
potential and tne potefitial dstrerenec between the piirs of quadrants 
is now varied and the deflectnns are obtained corresponding to 
knowri potential diiTerences and a graph is plotted between the 
potential difference and th^ deflection. The curve so obtained will 
be straig'nt line and is known as calibration curve. With the help of 
this curve the unknown potential difl'erence can be obtained by 
observing the deflection corresponding to that potential difference. 

Quadrant electrometer is not an absolute instrument. In 
precise measure .ments it is usually used a.s a null instrument. Used 
heterostaticify it can measure 1/3000 volt of potential. Its sensi- 
tivity CiD be inereaseJ by taking special precautions. Its capaci- 
tance is of the 0 :der of 80 /?/. 


Uses of a Q^uadfant Electrometer. Measurement of small 
(steady) potenthl difference. Steady small potential can be measured 
by using the qiu'.d'-ant electrometer heteros-atically, i.e., by connect- 
ing the n^jcdle to the -bve terminal of a high potential battery, the 
negati'-e terminal o^' which is earthed and by applying the unknown 
potential difference acoss two pairs of quadrants. The deflection 
in this cas.; o proportional to the unknown potential difference 


(2) Measurement^ of Alternating Potential Difference, In this 
case the electrometer is used idiostatically, i.e., the needle is connec- 
ted to one pair of quadrants and the unknown potential difference 
is applied across two pairs of quadrants. The deflection is given by 

(3) Capacitance Measurement, To compare the capacitances 
two capacitors, Cj and Cg, connect the apparatus as shown in 
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Fig. 4.15, Hence the electro- 
meter is connected heterosta- 
tically by connecting the needle 
to high tension battery, one pair 
to earth and other pair to 
battery. 


or 


' ^ zh Close key Kj, thus 

charging condenser Ci and 
Fig 4 15, quadrant electrometer to a 

certain potential Vi, If Qi is 

. j. ^ , the corresponding deflection 

md:cated by the electrometer, then charge ^=(C+Ci) Fj, where 
C IS the capacity of the electrometer. Now open key and close 
key thus allowing capacitor Q and the electrometer to 

share the charges with capacitor C 2 . If 62 is the new deflection, 
then 

^=(C+Ci+C2)F2 

^=(C+Ci)Fi=(C+Ci+C2)F2 
Ci+C Fa 

C 2 Fi— Fa Fi^^i and Fa 

If C. the capacity of the electrometer is small and is net^IisiblC' 
compared to Ci and Cg, then 

Ci/C2=^2/(^i — ^ 2 )' •-'(33) 

M way two capacitances Ci and Cg can be compa;ed very 

easily. If one capacitance is know/i^ other can he calculated with the 
help of this equation. 

The capacitance of the quadrant electrometer may be determined 
as follows, A standard capacitor, say guard ring air condenser of 
capacitor Ci is removed from the circuit 4.15. The electrometer is 
first charged by closing key Kx and opening key and the deflec- 
tion Pi is obtained. Then key is opened and the charge is shared 
with the standard capacitor C* by closing key Kg and the deflection, 
^2 IS also obtained. Hence, 


^=CFi-(C+C2 ) F, 


or 




So 

$1 62 


...(341 


Thus the capacitance of the electrometer C can be calculated. 

(4) Measurement of dielectric constant of a solid in the form of 

a slab (Hopkinson's method), dc methods of determining the 

dielectric constant give the values 10 % greater than the values. 

obtained by ac methods. It is due to dielectric absorption;, 
pnenomenon. 
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In the Hopkinson's circuit, AB is a guard-ring condenser, C a 
variable condenser consisting of two coaxial cylindrical conductors 



earthed and the ends at potentials +Kand — F. 

By pressing keys and condensers are charged to equal 
and opposite potential. If the capacitances of these capacitors are 
equal, then their charges will be equal and opposite. The n ‘t charge 
given to quadrant eiectrometer is zero and the needle is thus un- 
deflected. Thus by adjusting variable capacitor C, the position of 
no deflection in the electrometer is obtained. 


The position of plate B is noted on the scale and the variable 
condenser C is kept fixed. The substance of which dielectric cons- 
tant is required is taken in the form of a slab and is placed on the 
plate B. Now this plate B is lowered until there is no deflection in 
the electrometer needle while pressing keys /sfi and ^ 2 - Ti e new 
position of plate B on the scale is thus noted. 

If rf is the distance between the plates in the first part and x 

IS the distance by which the plate B is lowered to obtain a null 

aenection in the second part (when a slab of thickness t and of area 

equal to that of the guard-ring capacitor is placed), then 

♦ 


• ♦ 


d~~t+x + tlk=^d or k=tj(t—x). 


micromeU'’scfew'' determined from a 


ter can of Ionisation Currents. Quadrant electrome- 

to K measuring ionisation current as it is too small 

ine of a vanometer. An ionization chamber, consist- 

E eL^othlr ‘WO plates insulated and separated 

each other, is connected in series with a resistance (/~ 10^*^ 
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W-200 volts). When lb<t air between nlates 

nntcnti 1 ‘^'■® 2 ted between ends of the resistor Thus 

potential difference is applied across one pair of quadrants of elect- 





Fig. 4.17. 

rometer, the other pair of which is earthed and the needle is con- 
nected to a high tension battery. The steady deflection of the 

needle IS recorded. Tne electrometer is calibrated by connecting 

a standard cadm.um cell (1.018 volts) across the pair of quadrant? 

witha wo-way key. If and be the deflections in the former 
and latter cases respectively, then we have 


or 


fR ceflj and l.OlScc^a. 
/=l.Ol8^i/y?0,. 


It IS in amperes if R is measured in ohms. 

Modifications of Doiezalek Electrometer 

It is the modification of Dolezalek 
quadra.u electrometer and was given by A.H. and K.T. Compron. 

i^.^Tunient the electrostatic control is varied by lilting the 

a ^ ^ '[s loDg 8xis and by moving one of the quad- 
r nts a little above or below the horizontal plane of the other three. 

ThiS method of control gives nearly constant sensitivity 
over a large range of deflection and increases its sensitivity 70 times 
greater, (t can be quickly adjusted. Its capacity is about 10 pf. 

100.1 J^indemann Electrometer. This instrument, designed in 
1^24, works on the principle of quadrant electrometer. It is very 
compact, has a stable zero, a constant sensitivity, very small capaci- 
tance U p/ ), does not require levelling and is very robust. For its 

construction and working the readers are advised to consult 
Flectnciiy and Magnetism by Fewkes and Yarwood and A Degree 
Physics Part V Electricity and Magnetism by C.J. Smith. 

^7 P^(^i^gMatic Voltmeter. It is the instrument used to mea- 
e potential difference and is based on the electrostatic principles, 
at consists of two fixed parallel brass plates each of the shape of a 
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double quadrant and are placed vertically. An aluminium needle 
is pivoted at the centre so that it can swing about a hoiizojital axis 
in a venical plane mid way between the 
fixed brass plates. The upper part of the 
needle carries a painter which moves over 
the vertical scale of the instrument and the 
lower part carries adjustable weights. Ihe 
controlling torque may be varied by adjus- 
ting tnese w'eig'us and the range of the 
instrument may thu; be alt.ued Th": needic 
is earthed and the potential t .> be measured 
is applied to the h;w-d plates. The ‘•cale is 
first standardized by using knowu voliages. 

It is graduated in volt-’. 

The instrument is gravity contro"' d, as 
the electro^^tatic attraction due t'» the pote^ 
ntial difference app’ied between fixed plates 
is opposed by the particular weight attached 
to the lower end of tfe needle a- d the latter 
comes at rest when these two opp.iLUCig 
irifiuences are equal and balance each oin.cr. With ditTcrent p.rrerns 
a total range of about 1,000 volts l i 20.000 voit,-. can be obtained. 

The next step for lower pressures is to employ the mi‘lticellii- 
lar type. By u^ing a vertical suspensio:; to avoid pivo. r. icii'.>n and 
by increasing the number of moving needles (or vajies) and of fixed 
brass plates, if can be used to measure much lower pote^nial diTer- 
ences (30 to 120 volts). Higher ranges up to about 2,000 vol.'. can 
be obatained by modif;, ing the suspension or the vanes. 

A gieat advantage of the electrostatic type iS ti t it a bsorbs 
no power and t tkes only a very small capacity curren H twever it 
cannot be used tor small potential dilTcienc.rS and is costly. The 
scale is c owded in its lower portion. 



A multiplier is used to increase the range of a lovv o'Cading 
electrostatic voltmeter. This consists a; a high r.: istance with 
tappings at intermediate p*>iats. The potent ial to oe mer. 'Ured is 
connected across the whole resistance and the volttneter across part 
of it. The drawback of this multiplier is that .he powe*" loss is .lot 
zero and the current is not veiv sm- 11. 


Exercises 

Example 1. A conductor is charged from an electrophorous by 
repeated contacts with a plate which after each contact is re-charged 
with a quantity q of electricity from the electrophorous. If e is the 

charge of the conductor after the first operation, calculate the ultimate 
charge. 
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contact is 


caoaci?v in ? f ^ “P conductor of 

capacity Cl IS e and the charge left on the plate of capacity C, is. 

q~e. Since the potential for either is the same, hence * 

(q—e)ICi=elCi, or e=-qCjiCi+C.). 

COnduc”toi’^fhtn°“l‘^°K^^‘^'’ u' “P file: 

anrf tViP rh t^fcomes the total charge over the conductor 

and the charge left over the plate is g-e'. Hence we have 

(q~e')ICi=(e+e')ICi or «'=gCiV(Ci+C 2 F=eV 9 . 

^ 8/„2 tile charge on the conductor on the third 

e /g and so on. Hence ihe ultimate charge 

Q=e+e’‘/g+e^lg^+...=eg/(g—e). 

n h concentric thin spherical shells are of radii 

throuoh^n K ^re connected by a fine wire 

enrth^l u connected to 

earth through a small hole in the third. Show that the capacity of the 

condenser so formed is 4Kefahl{b~a)-lrc'^l{c~h)'\. ^ 

If a charge g is given to the outermost sphere C, as it is con- 
n c ed witj the outer surface of innermost sphere A, some of the 

cl'.argc will go to the outer- surface of the 
sphere A, some v/ill go to the inner surface 
and the rest will remain on the outer sur- 
face of this sphere C. The charge on 
the inner sphere will induce a charge — 
on the inner surface of the second sphere B 
and will induce a charge -\-qx on the outer 
surface which will go to earth. Charge 
on the inner surface of the sphere C will 
al'jo induce a charge — on the outer sur- 
face of the sphere B. In this way three 
capacitors are formed^ one by the outer 
surface of A and inner surface of B, second 
by the outer surface of B and inner surface 
^ , of C and the third by the outer surface of' 

° t e earth. The pd between the spheres A and B 





Fig. 4.19. 
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Capacitance Ci= 4 tce 

Va-Vb o b-a ■ 


Similarly capacitance C. 
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Vb—Vo 


=4ne 
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capacitance 
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bined capacity of the 


condenser so formed 


= Ci + C2+C8 


4:veo 


ab 


b—a 


+ 


be 


c—b 


-r +c 




Example 3. A one core lead sheathed cable has a conductor 
core of 0.5 cm diameter and the lead sheath has inside diameter 7.5 cm. 
The insulating material is rubber. At what voltage will the insulation 
break down ? Given that rubber has a dielectric strength AOO kVlcm. 

The capacity per unit length of the cable (cylindrical) 

C=2ntl\oge (rjri). 


/. Charge per unit length on the cable V/logc (r^lr^. 

If the voltage applied is of such a value that the insulation is 
just to break, the intensity of field at the inner surface of sheath will 
be the same as the dielectric strength, i.e.. 

Dielectric strength — Intensity =A/2-er2 

^ 2ntV ^ 1 V 

“ logetrj/ri) 2:rer2 ~ r^ log, (ra/fi) 


/. 400 X 10^ volts/cm=4x 10’ volts/m = K/0.75 x 10 ^log, (3) 
or F=4xl0’x0.75xl0“2 log^ 3=3.3x106 volts. 


Example 4. Prove that the capacitance of two very long, thin 
parallel wires in oir is given by C^- sze^loge (dlat, where a is the 
radius of each wire and d is the distance between the centres cf wires. 


Let A and B are two very long parallel 
by a distance d and are in the direc- 
tion perpendicular to the pape»* 

(Fig. 4.20). Let us consider any 
point P in the :pace around the wires, 

^ch that e^n^LPAB 

— 6. Let the charges per unit length 
on A and B are -j-A and — A respec- 
tively. As we know that the electric 
intensity at any point at distance r 
due to the long charged cylinder is 
given by E^^XIlnt^r. 


thin wires, separated 

P 



Fig. 4.20. 


F— — JE./7r= -~!Edr= — j(XI2KtQr)dr. 

Hence the potential at point P due to wire A 

A fn (7r A _ 

Jr T = ^ 

where R is the distance of the point of zero potential, say earth* 
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Similarly, the potential at point P due to wire B 


-A 

iTZZr 


(* 1*2 dr 

Jr r " 


iTce, 


(log, ra“Ioge B) 


Hence the total potential at P due to both wires 
=(A/27re(,) log, ra/rj. 

/. The potential Ka at wife log, (d~~a)la 

and the potential Fb at wire log, ajid—a). 


• • 


Potential difference between the wires 


Fa - Fb 






A d—a 

— lOge 


0 « 

Thus the capacitance per unit length— A/(F a—Fb) 


TTCq ^^0 

loge[{d—a)la] "" \oge(dla-~l) 

= 7r£Q/log, (d/a). (as d>a). 

This equation is applied to two parallel telegraph wires which 
are far removed from the earth. 

If the single thin wire of telegraph is at a height h above the 
earth, the potential difference F between the wire and earth will be 
half of Fa— Fb, i,e, log, (d/a). A single wire will have an 

electrical image (will be discussed in chapter 5) at a distance h 
below the earth level, thus the distance between two wires (one 
wire and other its image) d=2h. 

Potential difference V~{Xl2ntff) log, {Ihla.) 

Therefore the capacitance per unit length 


Exa 


= {A/F) = 2Wloge mia). 

pie 5. If d is the separation of the plates of a parallel 


plate condenser and a slab of thickness t and of dielectric constant h 
is inserted between the plates and parallel to them. Calculate the 
increase in capacitance. 


T++ + ++ + + 

jd-(tix) 


+ + 







Xq 



Fig. 4.21. 
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The capacitance of the capacitor before the slab is inserted 

When the dielectric slab is inserted between these plates P and 
Q, its potential difference decreases and is given as 


£ 


.dr=\ 


Edri 


R 

S 


Edr 



Edr 


p rs 

Edr= ^ 

Q JQ J(2 

axle^+atl^ok+a [d—{t+x)]lt^=a[d—t (I 
Capacitance of the capacitor after inserting the dielectric 

C=^aAlV=AsJld-t 


llk,]eo- 


Thus the capacitance is increased in the ratio C : Co 

=d:[d-t (1-1/A:)]=1 ; [l-(l-l/fc) tjd]. 

If this slab is of metal, for which = then, we find the 

ratio 

ClCa=dlid-t). 

This approaches to infinity, if ? — ii (the space is completely 
filled with metal). 


Example 6. The plates of a parallel plate condenser arc not 
quite paralleiy the separation at one edge being d-{-a and at the 
opposite one reing d-a. Neglecting edge effects, calculate the 
capacitance of this capacitor, assuming d'^a^ 


Let / and /? be the length and breadth of each plate. If ^ is 
the angle which plate makes w'ith plate CD such that I91=a. 


Let us divide this capacitor 
in large number of differen- 
tial capacitors. Consider a 
capacitor at a distance x 
from the middle point of the 
plate and ot length dx. The 
capacitance of this differen- 
tial capacitor 

AC=eo^ dxl{d+x6). 

As these capacitors are 
parallel, hence total capici- 
tance 


B 




c=2:AC=i: 


^0^ 


d-^xB 


dx^ 




=.6 (•"* * 

J-i/j d-\-xB 

e d-\ 61 * 
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Example 7. A circular disc of radius a is placed with its 
) plane inclined at a sn all angle a to another plane. The centre of the 
disc is at a perpendicular distance d from this plane. The disc and the 
plane are maintained at a potential difference V. Show that the mecha- 
nical forces acting on the disc produce a force V^a^n^Jld'^ perpendi- 
cular to its plane and a couple nt^V^(i.a^l4d^. 

Let us divide the disc in large no. of strips. Consider a strip 
of thickness dx at a distance x from the centre of disc. If this strip 
is at a distance t from the plane, then the intensity E between it and 
the plane can be considered as constant. The potential difference 

V==Et=Gtl€Q or a^VeJt. 

Hence the mechanical force experienced by the elementary 
strip per unit area = (7'-V2so=K%/2/^ 


1 \ 
3 d^ y 



« • 


« • 


Fig. 4.2J. 

Force experienced by this strip=(F®eo/2r*) Ka^—x^y^'^ dx 
Total force experienced by the circular plate 

e^VWid'-x^ 

(dyxay 

y 


dx. 


(As t=d+xT) 


(i+-f 




a-r: 
2 


=^7Z€oV^aV2d\ 


,, , r., . — dx 

Magnitude of the couple= I {dA-x ' ^T * ^ 

Example 8. Show that if the equation of the rim of the 
movable plates of a rotary variable capacitor is r^d^— const., the 
change in 1I\/C is proportional to the change in angle of rotation. 
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We know that the capacitance of the rotary variable capacitor 
"varies directly as the overlapping area. If the movable plates are 
semi-circles and the axis of rotation passes through their centres, 
A~ldr^y where r is the constant radius of the plates and 6 is the 
angle through which the movable plates have entered the fixed ones. 
Hence the change in capacitance ^C=constant r . r d9, 

dC/dO — const. r~. 

If live varies linearly with d, then 0’C will be constant and 

■hence 


29 d(^C-\-9' dC=0 or dCld9— — 2C/^=const./^®. 
Equating these values of dCld9 we get 

const, r^^const./^^ or r-03^const. 

This is the required equation of the rim of the movable plates 
of rotary variable capacitor. This capacitor is known as a straight- 
line frequency capacitor. 

Example 9. Calculate the capacitance of a capacitor filled 
with two dielectrics <f same dimensions but of dielectric constant k-v 
and respectively. 

Two dielectrics can be inserted in ihe following two ways : 

The arrangement (a) can be assumed as two capacitors in 
parallel. If d is the separation and A is the area of each plate, 

sihen each capacitor will be of area A/l. The total capacitance 


C,=Ci-i-Cj= . eo( ^0) kj 

d ~ d 

= e 0 ^ 1 "b ^ 2 ) / 2 i/. 



(a) {b) 

Fig. 4.24. 

The arrangement (M can be assumed as two capacitors in 
series. Each capacitor will be area A and separation djl. 
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Hence the ratio of capacitances in these arrangements 

Example 10. A parallel plate capacitor has the space between 
the plates filled with a medium whose dielectric constant increases 
uniformly with distance. If d be the distance between the plates and' 
ki and be the dielectric constants of the medium at the two plates 
respectively, show that the capacity of the capacitor per unit area is 
C=eo{k 2 —ki)ld loge (k-ilki). 

Electric intensity at a point between the plates of a parallel 
plate capacitor is given by E=oleQk. 

Here k is not constant but varies from kx to k^- As d is the 
separation of two plates, hence the increase in dielectric constant 
per unit length=(^ 2 “A:i)/^=a (say). Hence the dielectric constant 
at point at a distance X from the first plate is and |the 

electric intensity at this point=a/eo(^i+“^). 

Potential difference between the plates 


-1 


E . Jx 


i: 


E dx 


= 1 


g dx 

0 


as 


log, 


kxf-^d 


kx 


oA 


ad . 

^oikz—ki) ^ 

'4^o(^2 


1 ^3 


Hence the capacitance , t - v 

V d\oge(kJki) 


or the capacitance per unit = e^ik^— kx)ld loge (kjkf). 


Example 11. A 100 fxf capacitor is charged to a potential of 
to volts and the charging battery is then disconnected. This condenser 
is then connected in parallel with second capacitor. If the potential 
difference drops to 35 volts, calculate the capacitance of the second 
capacit/ r. 

The charge on the first capacitor ^i=CiK=]00x 10'®X 50 
coul. When this is connected in parallel to another capacitor of 
capacitance C 2 , the capacitance of the combination becomes Ci + Cif 
vhile the total charge v. ill remain qi. Therefore the potential 
difference scroe.s the combination will be Y c=qil{Ci-\- Cf). 

In the present piublem Ec=35 volts. Therefore 



5x 10-3 
lOOx lO-^-i-Ca 


or ^2 — 42.8 P'j . 

Example 12. A potential of SO volts is applied between two 
parallel plates of a condenser which are 4 cm. apart. Obtain the- 
force acting on charge of 4.3 k 10~~ coulomb placed between the 

plates. 
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The electric field in between the parallel plate condenser due^ 
to a potential V applied across the plates separated by a distance d, 
is given by 

£=K/t/=50/0.04==1250 volts/meter. 

The force acting on a charge q placed between the plates is the 
force due to this field £, i,e., 

F—qE—^.3x 10"’ X 1 250=5.375 X 10“^ newton , 

Example 13. A condenser consists of two metallic discs, each 
1 metre in diameter, placed parallel to each other at a distance 4 mm 
apart. The potential difference between the plates is 10,000 volts. 
Calculate the energy stored by the condenser. 

The capacitance of a parallel plate condenser with plate area 
A, separated by a distance d is given by 

C=£o '^td. 


The energy stored by the condenser 

(eq Aid) V\ 


Substituting numerical values as 

£(,= 8.85 X coul-/aew^on>m^ 

^ 14 X (0.5)- 

f/=0.004 m, 

and K= 10,000 volts, 

we get U^l X8.85X 10"^2x3.14x(0.5)2x 10,000/0.004 

= 8 . 6 S X 10 “* joules. 

Example 14. Prove that the energy loss is always positive or;: 
sharing of charges in two condensers. 


Let us consider two capacitors 4 and B of capacitances Ci and 
Ci and having charges qi and q^ respectively. If the^e are connec- 
ted by a wire, the charge vvill flow from the higher potential to 
lower potential. After sharing, let V be the common potential and 
qi and qf be the charges on A and B capacitors respectively. 


or 


Total charge q^.+qi^C^VlA-C^V^^{Cx+Cf) V, 

C1 + C2 Cl Cj 




=Ci 


CiI^i+CgKa 

C'l-HCa 


and 


q% — C2 


Ci+Cg 
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Hence total energy before contact=^CiFi*+^CsFj» 

and energy after contact= J[Ci+C,]F2=i(CiFi+C»P;)V(C,+ C,). 


Loss of energy due to shariDg=iCiC2(Fi-l^,)2/(Ci+C,). 

It is always positive, i.e., there is always a loss of energy on 

sharing o. charges. As total charge remains same, hence this loss 
appears in the form of a spark and heat. 


Example 15. T wo capacitors AB and CD have capacities Ci 
and Ct respectively. They are uncharged initiaily and A is perma- 
connected to earth. The two capacitors are connected in series 
and D IS charged to a potential V. CD is then disconnected and joined 
,in parallel wtth AB. Show that the loss in energy is 


iF^CiCalCi-QlVCCi+Q)*. 

When the capacitors are in series, the potential of the plates B 
and C are each equal to V (say) and that of the plate D is F (given) 

plate Z), then the induced charges over 

-9 respectively. From the 

aenniiion of capacity 


V-V'=q/Ct and V'-o^qlCi. 
9=CiC, F/(Ci+C,)=CF. 


The electrostatic energy of the co 


II 


bination W*=iCV^ 


==iCiC«F*/(Ci+C,). 

^ben the capacitor CD is disconnected and connected with 
in parallel, the capacity of the combination C=Ci + C|. The 
isharges are + 2g and 2g, Therefore the electrostatic energy 


W'=i CF*=i-SL=i — 

^ * C * Ci+Q 

= 2Ci*C,*F*/(Q+C,)». 

.•. Loss of energy=PF- IF'=J CiC»tCi-Cj)>FV(Ci+C,)». 

Example 16. Outside a spherical charged conductor A, there 

but uncharged conducting spherical shelly 
^ntch consists of two segments. Prove that the two segments will not 

distance of the separating plane from the centre is less 

tnan bcf v where b and c are the inner and outer radii of the 

shell respectively, ^ 

ifg is the charge on the conductor then the induce charges on 
tpe inner and outer surfaces of the shell will be — g and +q respec- 
tively. The surface charge densities <si and o-, are thus gi /ea as 

<ri = — ql^t^b'^t <7a=^/47rc^. 
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If this shell is divided into two segments by the plane RS, then 

ofane°)?T^7 will be J. to the 

plane Let us divide The segment 

EBS into annular discs by p'anes |{ 

to RS and now consider lwo closed 

discs at distances x and x~{-Jx f^om 

the centre 0. If p ^nd p' be the 

points of intersection of the plane 

at X with the inner and cuter sur- 

laces of the shell and and are 

the unit vectors along PO and OP' 

respectively. We know that the 

per unit area is 
given by hence the forces on 

an element of the inner surface dSi 
at P and on an element of the outer 

suriace rfS, at P' are dS^ 

and ct 2 dS.^ respectively. Since the resultant force on the 

figment /?S5 is along 05. The components along Od are — <r,* 
-30i cos 0i/2so and (r,2 cos Summing over all such ele- 

ments ou the two rings througti P and P' , the force along OB act- 
on the elementary annular disc is. 



3 

i 


Fig. 4.25. 


sin cos 02 dB,-a{nizb^ sin B, cos 6i d6^)l2s, 


as 


sin 6^ bddi and dS 2 = 2 T:c sin ^2 ^ ^^ 2 - 
From the geometry of the Fig. 4.25, we have 

b cos 6i=c cos di-=x 

and hence b sin sin 6^ ^dx. 

If p be the distance of RS from the centred, then the total 
lorce on the segment RBS along OB is 

b 


-.HI 


a^ lnx dx 



o'i^27iX dx 



i*€.. 


The segment will not separate if this expression is negative 




xdx<a 


P<bcl{b^~+c-p\ 


X dx or 


1 


1 




V,- . spherical conductor, formed of two 

b' coniacr, whose inner and outer radii are b and 

^ co/ice/ity/c spherical conducior of radius a and owN 
it another concemric spherical conductor of radius c These 

charlT^Vh"^^ enr//;-^/ connected and the middle one receives a 
g . Show that the two sheds will not separate if 2ac>bcf-b'a, 
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If Cl be the capacity between the surfaces r=fl and r==6, Cje 
that between r=y and r=c. 



Ci=4n£^ abjib—a) 
and C2=47reQ b'cHc—b') 

As both The surfaces of the 
middle conductor are at the same 
potential (say V). The charges shar-* 
ed by both surfaces are 

qb==^C’iV=Am^ abViib—a) 
and qh —C^V—AnZob' cVUc—b' ). 

. (76= qbl^Tzb^ = Z qG Vjbib — a) 


Fig. 4.26. and ab'=qbl4T.b'^=-z^cVlb' (c-6') 

By symmetry, the force acting on either hemisphere is perpen- 
dicular to the vertical diametral plane. The force on the inner or 
outer hemispherical shell can be determined by breaking its surface 
into a large number of concentric rings by planes parallel to the 

plane and then summing up the mechanical force on each ringc 
Thus 




(2nb sin 6) (bdd) cos 6= 


Tib 


Oh 


2e 


Similarly the torce on the outer surface of Fb =v:b'^ <T&'^/2eo. 

The two shells will not separate if F^>Fb\ i.e., 

W^tTb^ b^d^ 

V or 




2^0 




b^b-aV ^ b'^(c-by- 


aVib-aY>c^l{c—by or 2ac>bc-^ab\ 


Example 18. An attracted disc electrometer has a moving plate 

of ^trea 100 cni^^ separated by a distance of I mm from the fixed plate. 

Calculate the force between the plates when the potential difference 

across them is 100 V. Calculate the sensitivity at this voltage in new* 
ton s per volt. 


The force between the plates of an attracted disc electrometer 
18 given by 


gpKM 8 85x IQ-i^x lOQ^x IQOx 1 0~^ 

2d'^ ~ 2x(lxl0“»j^ 

=4.42 X 10”^ newton. 

The sensitivity of this electrometer rises with the voltage V 
and is given by 

dF €qVA 8.85x IQ- ^-x lOOx inOx 10"* 
dV (1x10'^)® 

= 8.85 X 10"® newton/volt. 
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Example 19. The needle of a quadrant electrometer deflects 
through 20 scale divisions, when it is connected idiosiatically to a 
potential of 50 volts, ft is then u^ed heterostatically, needle ts con- 
nected to 500 volts and the quadrants are maintained at smaller volt- 
age. Findthe voltage on the quadrants, if the deflection in the fatter 

case reduces to 10 scale divisions. 

In the idiostatic use of electrometer, the needle is connected 
to one pair of quadrants, say, Ko=Ki and 


or 


e=U(v,-v,Y 

K=lBl{Vx-V,Y=2 X :0/50- 
= 1.6x10-2. 


In the heterostatic use for 

and 

or the potential difference between two pairs of quadrants 

6 10 


Vi- V.= 


KVo 


l,6x 10-2x500 


“1.25 volts. 


Oral Questions ; 

1. A capacitor is conneciej across a p tent al source, (a) Why does each 

fTSt'.Sft I (« 11 It t,»« it Ih, 

same potential diffe^enc^ ^Exnla?n 

thecaus-ofsensiiioaof^hock giventothebcdy. Explain 

the effect of ia) a dielectric slab, (b) a conductine 
slab, when inserted between the plates of a parallel plate condenser ? ^ 

^ fi?' o P^Ential difference does a capacitor store more or less 

charge with a drelectiic than it does without a dielectric ? 


5 . 


6 . 


7 . 


8 . 


9 . 


- -dated conducing 

WhatTappem'^t'^^the Charge " capacitor and is then disconnected. 
When a didccttic s.ah is lSc'rtc^d^n^ttrt?“Utes 

the electric fic'ld suen^S The storcKrgy.’"'^ 

tcd" bluer^'^af'/Vh'l^n.a^t ?• 

the Plate scpara. o^fis douWed ‘'n®^'^^^^^^^ pulled apatt until 

io the capacitor change 7 ^ energy stored 


tio. How can you increase the 


sensitivity of the quadrant electrometer 2 
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problems : 

A certain diode vacuum tube consists of a 0.2 mm diameter wire 

t * r^i * ^ hollow cylindrical Plate^ 

vacuumlnh/ " F'^d the ca/acitance of the 

vacuum lube. (0.71 x IO-12/) 

aprn 1 ^ 0 ^/ are connected in parallel 

S’ accross each‘’^M%^^ and the 

line and T■.m Lrh^’.h^r ‘^^^rged caracitors are disconrecied from the 

F?nrt LTi 1 ” ''^co'’n«ted >sith terminals oflike sign toee’her 

Find the final charge on e^.ch and the voltage across each. oge.n.r. 

[(fl) 800 fiC, 800 V ; 800fj,C. 400 h 
,/>) 533 [xC, 533F; 1066 ^C, 53.iKi 

poh^ri,veach"av1n«an"ir"“''1'''‘’H"^^^^ 

4. A cof^denser is formed of a conduciing snhere of radius and a 

Mn? co^e^Tr^^^rotncll insc’lafe?"7om1 

co!,uZ.sZ6 thSacitlnce^rYlTe ^ 

outer ^rd^y[, f 

batter/is d^sc^[^e'^m'Thf ‘^‘'argins 

capacitor. The final '* connccied in parallel to anoiher 

capacitor >s 20 volts. Calculate the capacity of second 

(233.3mm/ 

shell of inn^rTnd' omeriadr* a“nd7‘* Th-“'’h'n '"• 

potentiaf of [hp ^ ^ grounded spherical ^hell of radius d Find the 

Cachance onhe sph^fe f ? -s placed on it. What is the 

of radii a al^ff formed of two cor.cer trie sj herical conduefirg shelK 

*1 from /I medium between the Sj-hcres Iifs a dielectric constant 

given by ^ Irom r to b, show that the capacity of the condenser Is 


C=C,e.! 


1 


kia k^b 



*f)] 


^ A capacitor has Square plates each of side a mating an an^le of 
0 With each other. Show that the capacitance is given ty 




2d r 

where d is the minimum distance between the plates at one end. 

9. Find the capacity of a sphere of 15 cm diameter inside which tberfr 
U an earthed concentric sphere of 10 cm diameter. (25/?/^/ 
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rnnH Circular plates of a parallel plate 

a Tph^rof iSoTm capaciS as 

(0.1 mm) 

A parallel plate condenser has circular plates of radius 8 cm and 

inn ’^''’“‘^^'’.^‘='*'''■1(2/1/ and 4/i/) are connected in parallel across 

fvsVim Ca'‘iu'a‘e 'he total stored energy in he 

system and the total charge on it. (0.27 joule ; 18 x iQ-s 

n,t,« *'i?’ ^ the force between the plates of parallel pi te capacitor 

S'aS; »» 

roiarv'vlVi "t® movable pla'es of a 

roiar, van ,ble condenser ts 0r-^=const.. the change in y -^i s proportiona! 

to the chrnge in angle of rotaf on. 

o^Jik'* a Parallel plate capacitor, wfth i^rea A and separation d, is cr n.iec- 

V The battery is then disconnected and a siabol 

stored d is introduced. Calculate th’ energy 

Stored before and after the slab is introduced, (^Co^o^^iCot^o-fk) 

cha^ged^bvIbattt'va-lTfh'^t.®"'* ^ .^ave capacities C^ and C,. Capacitor ^ ie 

■nar? t ^ ^ mattery a id the brtuerv is removed, jt i , disch^rjz-^d bv nllowlnc q 
Cv°is'^'.m Capacitor A is then charged a7 beforT the 

each is dTscharged ^v“a“ spa?k ''stow thit'th ‘h®? *®P'^' ted '^nd 

in the ratio, * Show that the ^.nergies of the four sparks are 

(Ci+C.)2 ; C. (Ci+C,) : Ci2 ; CiC,. 

eonducting sphere"of raXl^u ^*r7vi®that°L’l'o^^ of ekctrfcal "en^Tj 

s,is.s » .=t,s 

tor and the capacity of the leaf is compUble to b. r me conauc 

-xt s: 

respectively ate c^mnecied if pwaluf Sh^f th^*t ®harges <71 and qt 

t.c energy amounting to (clf-c'^^C, (c!Sf “ *’ 

constam' ASlef tf f f'T f ^ ® of dielectric 

another medium of dielectrfcf omtent*7°° F'“d th'^ *’’® boundary with 

and show that the force p.r unit length Sne cCe ifgUefby‘"'° 


’= ( jfeiz±2 ^ 1 

V k.+ic; ) kT- 


the Sphere consists onwfsepfrf/hem^ eletnrified to a potential F. ir 

.b» » .s.v=« .uu‘s:a'S'' s^f.!irjssi 
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spherical conductor of internal radius R and the ootential of tbe solid sphere 
is still V, prove that the force between the hemispheres is (R~~r)\ 

22. A capacitor is formed by two coaxial cylinders of radii a and b. 
The axes of the cylinders are vertical and the inner cylinder is suspended from 
a balance so ihat it hangs only partly within the outer cylinder. Find an 
expression for the mass which must be added to the other pan of the balance 
to maintain equilibrium when a voltage V is connected between the two 

cylinders. rng=^nZQ V^jloge (bla) 

23. The upper disc of an attracted disc electrometer is suspended by a 
spring. In equilibrium, the separation between the two discs is x when a 
voltage V is applied and •«’ when K“0. Show that the equilibrium in the 
former case is stable provided that ;c> 2 p/3. 


Dielectrics 


5.1. ^LECTRICS 

chapter we have considered the problems ofelectro- 

staticsm the absence of matter. We must now consider the pheno- 
mena in a medium other thar empty space {vacuum) such as soiia 
or liquid insulator, alternatively called dielectric. The theory or 
dielectric was begun by Faraday and subsequently developed oy 
Maxwell, From Faraday’s experiments (article 4.3) see that (u 
if two capacitors are charged to the same potential, the charge on 
the one containing the dielectric is greater than that of the other, 
and Hi) if the capacitors are given the same charge, the pd beiween 
the plates with the dielectric is smaller than that without the dielec- 
tric. These results show that the capacitance of th- condenser is 
increased by a factor k which is greater than one. This factor is 
known as dielectric constant or specific inductive capacitance and is 
independent of the shape and size of the capacitor, but vanes widely 
for different materials (medium). The following table gives the 
value of k for different materials. 

Table 5.1. Dielectric Constant k 


Material k Material 


T 

1 Vacuum 

1.000 

Mica(25'='C) 

3-6 

A Air(l atm.,20'»C) 

'1.006 

Glass (25°C) 

5-10 

j AirdOOatm., 20°C) 

1.0548 

Bdkelite (27°C) 

5.5 

Paraffin (20^0) 

.2.1 

(88'^C) 

18.2 

Petroleum oil (20^0 

2.2 

Germanium (20®C) 

16 

Benzene (20°C) 

’ 2.284 

Liq. Ammonia (—78®) 

25 

Polystyrene (20®C) 

2.6 

Glycerin (25°C) 

42.5 

Ice (— 5°C) 

i.9 

Water (25°C) 

78.54 

l^ubber (27«C) 

2.94 

Titanium dioxjde 

100 

Paper (25°C) 

3.5 

Metal 

00 
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The comparatively high value for water suggests that water is 
a poor insulator, water is in fact a semiconductor. 

The function of a solid dielectric between the plates of a capa- 
citor is threefold. {a) It helps in maintaining two large metal plates 
at a very small separation, (b) It increases the maximum potential 
difference which the capacitor can withstand without breakdown, {c) 
it increases the capacitance of a capacitor of given dimensions. 


Syl. /DIELECTRIC AN ATOMIC VIEW 

In any molecule ttere will be a distribution of protons and a 
istribuiion of electrons. The protons can be considered to act as 
the equivalent positive electric charge at some specific point in the 
rao\QC\x\Q, centre uf gravity oi itie protons. Similarly there is a 
point at which a negauve charge is equivalent to the distributed 
electrons, the centre of gravity ot electrons. If these two points coin- 
cide then the molecule is called and if (hey are separated 

by a short distance then the molecu'e is called polar molecule. Sym- 
metrical molecules (e.g , //g, A* and Oi) are non polar. On the other 
hand molecules etc., polar, as both hydrogen atoms 
or ooih nitrogen atoms lie on the same side ol the oxygen atom- 
Thus the polar molecules work as dipoles and have dipole moments. 
If the dielectric (with non* po.ar molecules) is placed in an electric 
field, the charge centres ot a non-polar molecule become displaced 
(Fig. 5.1). The moiecules are then said to become polarized by the 
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Induced dipole 
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Fig. 5.1. 




field and are called induced dipoles. The displacement is however 

limited by strong restoring force produced by the charge configura- 
tion in the molecule. 


In a dielectric consists of p< 
the dipoles are oriented at randoi 


II 


lolecules (permanent dipoles)^ 
the absence., of an external 



Fig. 5.2. 
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Dick dries 

V 

electric field Wh&n an electric field is applied, the forces on a 

Se tie direction of electric field (Fig. 5.2). The stronger the held, 
the greater is the aluning efifect. Thus non-polar macules become 

induced di'Joles, wnereas polar molecules aie on. rite y * 

field and theref h.* i.ive their dip le moments increa>ed. The ou- 

entatiua of the induced diooles or of the al’or^ 

external electn-ctatic field is such as to set the axis of the dipole alon, 

the field. This pheao meaon is known as electric polarization. 


The main difference in above two mrchan.sms is the nrr.peia- 
ture dependence. The polarization of r cn-polar molecules is inde- 
pendent: of temperature. As polar mclecnlts arc uiuctgoiig 
thermal motion, hence are randomly oriented Thus lie pear 
molecules can b<* aligned perfectly .witbjbe snahesi oieu a elec- 
tric'field at abcjdnbsolute zero. __ t. -- . 

Few Examples of Non-Polar|Molecules. t In a molecule of 

COathe oxygen ions are symmetrically pkced w iih i especi lo the 

■carbon ion, hence ihe net dipole momert is zero iF:i. - ~c) It 



P = P,-Pj_=o 



p = p-p^=s.ve 








Fig, 5‘S, 



this molecule is placed in an electric field E along the line jOining 
the ions, the oxygen ions get displaced with respect to the carbon 
iops and the net dipole moment (induced) is along the direction 
of E (Fig. Jfthe ckctric field E is applied perpendicular 

to the line joining the ions the oirection of induced dipole moment 
is again along the field E (Fig. 5.3c). 


Carbon tetrachloride (CC/ 4 ) is another example of non-polar 
molecules. The external electric field charges the orientation of 
the C—Cl bond and thus produces induced dipole moment. Similarly 
O 2 and are non-polar molecules. 

Few Examples of Polar Molecules. In a molecule of //C/, 
there is an excess of positive charge on the //-ion and an equal 
negative charge on ihe C/-ion. This molecule, therefore, has a 
dipole moment at every instant of time and is a polar molecule. 

Another interesting example of polar molecules is H^O, In 
the water molecule two O— i/ bonds ;_are not opposite 10 each . 
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other, unlike^the case of CO 2 molecule, but are inclined at an angle 
of about 105°. As shown in Fig. 5.4, hydrogen ion forms a dipole 
moment with each of the oxygen ion, and there is net dipole mo- 
ment (p = pi + P 2 ). 




Fig. 5.4. 

If a thin slab of dielectric, molecules of which are polar or 
non-polar, is placed in an electric field the slab as a whole becomes 
polarized. Due to the polarization, molecules are oriented so that 
the negative charges are in the left and positive charges arc in 
the right, thus leaving the net positive charge at the right 

surface and the net negative 
charge at the left surface. Within 
the remainder of the dielectric 
net charge is zero. As the slab 
as a whole remains electrically 
neutral, the positive induced sur- 
face charge must be equal in 
magnitude to the negative indu- 
ced surface charge. The charges 
so obtained on the surfaces, per- 
pendicular to the direction of 
electric field E, arc known as 
polarization charges. These char- 
ges are not free, but each is 
bound to a molecule lying in or 
near surface, that is why these are also named as bound charges or 
fictitious charges. 

Fig. 5.5. shows that the induced charges always appear in such 
a way that the electric field set up by these charges is in opposite 
direction to the external electric field E. Thus when a dielectric is 
placed in an electric field, the induced surface charges weaken the 
original field within the dielectric. 

TORQ,UES ON DIPOLES 

proceeding to polarized molecules in bulk, let us 
calculate expressions for the force F and the torque 't on a dipole in 
^an external field. Let a dipole of length a with charges and q 
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is placed in a uniform external electric field E. If this dipole 
makes an angle d with the direction of field and field of the difolc 
is negligible then the force acting 
on the poles of the dipole 

¥=qE 

and the torque acting on the 
dipole f.'~ 



-q 


T=rXF=rxF++(— r)x F_. Fig 5.6. 

Here the origin is taken at the centre of the dipole, t is a 
vector perpendicular to rbe figure in the downward dire:*i m ind 
of magnitude 


^fl^Esin d-\-^aqEsiT]d~aqEsir>0=pE sin^, ••■(I) 

or T=pxE, ...(2) 

where p {=aq) is the dipole moment. 

One can readily show that the torque * is the same if any 
other point is chosen as the centre. If the field is not uniform in 
the neighbourhood of the dipole, so that its value at -^q is different 
from that ar ~q an average value taken at the centre will be a good 
approximation, la true dipole (zero length) the torque is indepen- 
dent of any variation of E. The work done in rotating this dipole 
through an angle dO in this field 

dW=^'r dS. 


Total work done in rotating it through an angle 6 

l^=Jo sin 0 £/e=p£' (1— cos ^). ...(3) 

The net force on the dipole is zero if the field is uniform, as in 
this case we have two equal and opposite forces. Thus the force 
must depend on the variation of the field, i.e., on the gradients of 
the various components of the field. More specially, the net force 
in the x— direction Fx=[qE^at o+ [qEx]at «— The diflference can 
be calculated by the differential formula involving the gradient. 


Ffl. = ga . V £« = p. V £x . 

Similarly Fy=p.S7 E^ and £,=p.V£z. 

F=p, V£xi+p. V£j,j+p.V£*k = (p.V;E. ...(4) 

Using vector relations this equation can also be written as 
, F = V(p.E). 

We know that the conservative force can be defined as the 
gradient of the potential energy. Thus the potential energy 


^=“P-E. ...(6) 

This relation can also be obtained from relation (3) as the 
potential energy is equal to the work required in bringing the 
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dipole from infinity to the point under consideration in such a way 
that and —q are at all times on the same equipotential surface, 
i-e., p_LE always. 


Let us now consider a dipole of moment pi located at the 
origin of coordinates and a dipole of moment pg located at a point 
P (r distance) from the origin. The potential aud field at the origin 
due [o dipole pg are given by 

I M \ . ^ . 1 




Ane 


P..v(i-) 


and E= — 


47re 




[p..v(f)] 


Hence the force on dipole pi due to dipole pa 

F_(p..V) E-^^(p..V) {v[p.. V(i)]}. 


• ♦ « 


( 7 ) 


...( 8 ) 


The interaction energy between the two dipoles, i.e.y {/ 12 , the 
energy of dipole pi in the field of dipole pa is given with the 
^Eqn. (6) as 




5.4. I POLARIZATION AND CHARGE DENSITY 

en a dielectric is placed in an electric field its molecules 
polarized by this field, or oriented in the direcfion of field. 
This effect is known as electric polarization and is defined as the 
product of p, the component of the vector dipole moment of each 
molecule in the field direction and n the number of molecules per 
unit volume. 


P^rtp. 

In the general form it can be written as ^ 

...( 11 ) 

where summation is taken over all individual dipoles in the volume 
dV Thus polaiizalion P is defined as the dipole moment per unit 
volume. It has the same direction as that of 1® and hence of electric 
field E. In SI units, unit of P is coulom- meter/rneteia or coulomb! 
meter^. Actually the term polarization has two meanings : a quali- 
tative one y giving an idea about relative displacement of positive and 
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St: ofa'S Sa,“ /.TSSer^f 

moment per unit Sme retW. f^h 

scale, hence is not measurable k on an afomic 

, The simple mcPLd iPL" macroscopic method. 

with the polarization charge (a ) otf the “P”'’ *'* '■'-'latiooship 

placed in the field. ^ surface of a dielectric slab 


f 



- 

r 


- 



- 

1 

t 


^Xcos 0 


\ 




-E 


6 






(ci) 


(b) 


Fig 5 7 . 

tiniform^electr/c^Ll^E'^* Th?neYcharo of dielectric placed in j 

f the polarization vector a the r surfaces 

■length of the slab, then ’ cross-section and / thf 

dipole moment of this hlock=PAl. 
dipole with surface ThYrges ^ 

dipole moment=chargex length ^ distance /, i.e., 

Comparison^onhe two results'’giJes 

d^ctS' Tp:ttsf"“T!r "'p'di* -"'S 

charge arra^-s. Its direction is -ve 

It IS the special case in which P « ‘^'®P'f emsnt direction. 

tile dielectric siirlacc ie ^ lo the surfact* 

the surface makes an angle 6 w'itMTe^d^*^*^'^■ normal to 
the acual displaccmerrof t^e ar^al In this caS 

Its efiFective dicpiacemL^r* J ’''‘'’in the 

in genera?''"'^ **’ PoIarization'cha^r^'L i„dS a^d 

T Potoolp'^ Tv^orl^d' 

P-..at,on ..r‘S.'"ThusTh-S^^^^^^ 

•••( 14 ) 
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Here — ve sign is included because the direction of lines of P" 
is from negative to positive charge, lines of P emerge from a volume^ 
containing negative polarization charge and end in a volume con- 
taining positive polarization charge. 


If the polarization of the medium is not uniform, the surface 
charge is accompanied by a volume distribution of charge in the 
interior of the dielectric and is given by 


9v=-{dPa^ldx+dPjdy+dPzldz). 


...( 15 ) 


If the polarization is constant throughout the medium the 
charge per unit volume pj, in its interior is zero. To find the mean 
electric field in the vicinity of a dielectric (inside or outside the 
medium) we must add eletric intensities due to outside charges, ^ 
charge on the surface of the dielectric and the charge in the interior 
of the dielectric. 


GAUSS’S LAW IN DIELECTRIC 

In the previous chapters we have used Gauss’s law to the pro' 
blems in which no dielectric was present. Now let us apply this IaA^ 
to a parallel plate capacitor filled with a dielectric. Let -\-q and — ? 
be the charges on the plates of this capacitor m both the cases, with 

and without the dielectric. 




Fig. 5.8. 

the first case, when no dielectric is present (Fig. 5.8), 
kid E(, at any point on the gaussian surface is given by 


In the first case, wnen no aieiecinc is 
electric field £„ at any point on the gaussian 


JEo.JS = g/£o* 
EoA = qlco 


or Eo=ql^oA. 

Since E© 11 dS and constant over the gaussian surface. 






iEo.dS=-lEodS=EoA. 


In the second case, when dielectric is present (Fig. 5.9), the 
charge within the gaussian surface is where is the induced- 
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V ' \ / ' ^\\a \ V • *' ^\ '' ' ^ *{j 


'/ ^ ^ / .'-i' . 

, - ?-V. '.>^-^*7- 

1-^: '// 






5.9. 

surface charge. The electric field E is give by 


§E.dS=(q-q’)le^. 

EA={q-q')j€^ 


or E=qlsoA~q'lsgA. 


...(l7) 

...(18) 


Thus the induced charge q' tends o weaken the original field 

(Le. E<Ef,), which reveals itself as a reduction in potential differ- 
ence between the plates. If Vi and are the potential differences 
with and without the dielectric respectively, then 


EJ E—VJVi=k-==Die\eclTic constant. 

E=Ejk=qlktoA. 

Combining Eqns. (18) and (19), we get 


...(19) 


• ••( 20 ) 


qlkzaA = qlt^A — q'lz^A 

or q'^q{l-\lk). ...(20) 

This shows that the induced surface charge q' is always less 
than the free charge q and is zero when /: = ! or the dielectric is not 
present. Combining Eqns. (17) and (20), we have 

kE.dS=q. ■■■(21) 

It is the Gauss’s law in the presence of a dielectric. Here vve 

see that the flux integral contains a factor and .'/le effect of rhe 

induced surface charge is ignored by taking into account k the di l-c 
ric constant. ’ ‘ 

5.6. ELECTRIC DISPLACEMENT 

owing to the polarization of tl>e medlurr. the 

charges are induced at the surfaces M the dielectric, -he ch irge 
the Plaie of the capacitor and pofftive®n'>ar 

£^7(20)^'®" dielectric, then we can write 


'\~Q* I A. 

electrPtfJ^*- induced surface charge per unit 

electric polarization P, Thus we have 


•••(22'; 
area, the- 
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glA=eo(qlef^kA)+P. ...( 23 ) 

^ vector quantity having direction from the 
charge to the positive induced charge as for anv 

glA EqE-^- P. ...( 24 ) 

right hand side is given a special name 
electric displacement D (a name introduced by Maxwell). Thus 

_. ^ I^-^nE+P, ...( 25 ) 

we have”'"® ^ ^ ^ thus 

D=e„E+P. ...( 26 ) 

ine fields In ’Jhe into problems involv- 

1 g nelds in the presence of dielectric. It depends only on the free 

both® fke'^and ‘=°"trast to E which depends on 

„!,i • ^ polarization charges. Even in the presence of dielec- 

^oSE.dS=q~q'=q-JP,cis. 

f{eaE+P).dS=q or J'D.rfS=9, ...( 27 ) 

vector quantity D obeys Gauss’s law. The surface 

integral of the normal component of D over any charge surface ^ the 
flux of^, is equal to the total free charge only within the surface’. 

three electric vectors 

U D are the three electric vectors related with each 
dir^ecMoVfrJ^ .'^tiese may vary in magnitude and 

in the^tSe of for every point in the dielectric 

in the case of parallel plate capacitor filled with the dielectric. 

charafoUlv^' '® connected with the free 

represented^hv W t electric field, the displacement field can be 

beSm? S j on S °r ° """ displacement. These lines 

charge. ^ ^ ^ charges. The flux of D equals the free 

-~harce^^’fr^ri’°° ** induced surface 

The/. hTginS ."/a 

bound (,XXtog“"°"- ‘X'''’' 

electric field intensity E is connected with the charges 

tnnn f/rec fl/irf bound charges). The lines of E depefd 

upon the presence of hoth km ds of charges. The flux of E eqtials 

• *'’® Gaussian system of units this relation is written a D^£;+ 4 n P 
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the total enclosed charge divided by Eq- The unit of E is newton/ 
coulomb while that of P and D was coulomb/ meter^. 



Fig, 5.10, 


have 


In free space, where there is no dielectric and thus P=0, we 


D = £« E. 


In the presence of a dielectric vectors D and 
expressed in terms of E alone. We can write 


...(28) 
P both can be 


or 


D=qlA=k€f^ {qlkeQA)===k^QE 
D=A:cn E. 


•••(29) 

The product is called the permittivity e of the medium and 

Bcncc 

...(30) 

In a vacuum *=1 and hence £=£ 4 . For this region is often 
referred as tht permittivity of a vacuum (or free space). As dielectric 
constant k is the ratio, it is also named as relative permittivity. 

Using relations (26) and (29) we can write a new relation 


or 


£oE+P=A:£oE 
P=eo (A:-1)E. 


•••(31) 


As eo and k are constants for the medium, term k~\ is also 

replaced by the another property, the susceptibility X of the dieler- 
trie medium. Thus we have * ^ 


P=eo^E. 


...(32) 

Three quantities e, k and X are simply dififerent wavs of descri 
oing the same property of the dielectric. These are related as 


X=fc-l=£/co-l. 


•••(33) 
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5.8. BOUNDARY CONDITIONS AT THE DIELECTRIC. 
SURFACE 

Before we can solve more complicated problems, we must 
know how the field vectors D and E change in passing through a sur- 
face separating two media, may be two dielectrics or a dielectric and 
a free space. The rules geverning the behaviour of E and D at the 

boundary between two dielectrics are embodied in two boundary 
conditions. 

Let AB represents a small portion of the boundary between 
two media of absolute permittivities sj and Eg. The media are 
assumed to be homogeneous^ and isotropic.^ Let us consider an 
area dS on the boundary, so small that its curvature may be neglec- 
ted. Let Di and Dg be the electric induction vectors in the media 
on either side of dS, making angles Ox and 0^ with the normal to dS. 


A 



Fig. 5.11. 

To find the boundary condition for D, let us apply Gauss’s 
law to a small cylinder which intersects the area dS on the boundary 
and of height very small compared to the diameter of the base. 
Assuming the volume of the cylinder very small, so that the free 
charge enclosed by the cylinder can be taken as the free charge on 
dS area of the boundary. Thus we have 

0+(Dj.ni+D2. ng) or Z)i cos Z )2 cos Bg — a. ...(34) 

Here we have neglected the flux through the curved surface of 
the cylinder as this area is vanishingly small. In the majority of 
cases there is no free charge on the bour dary. hence, 

Dx cos fij-Da cos 02 =O or Din=D^n- ...(35) 

Therefore the norma! component of the electric displacement is 
the same on both sides of the boundary of two media of different 
dielectrics or the normal dhplacemenr is continuous across the boundary 
having no free charges,. 

1 The body is said lo be homogeneous if the properties of a body are 
constant froni point to point, 

^ The b jdy is said to be isotropic, !f the physi al properties cfabody in 
the neighbcuihood of some imerior point are the same in all directions. 
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The boundary condition for E is found by considering the 
work done in taking unit charge round a small rectangle of length dl 
and of negligible height, with its longest sides parallel to the surface 
of separation, one in each medium. The work done in taking a 
unit charge around the rectangle FQRS must vanish, otherwise an 
infinite amount of work could be obtained by repeating the process 
indefinitely, hence 




El sin d^dl — E^ sin S^dl—0 or En 


Eot* 


...(36) 


Here we have neglected the contribution of short sides QR and SP 
as it is vanishingly small comparison with that of other sides PQ and 
RS. Therefore the tangential components of the electric intensities 
are the same on the two sides of the boundary surface or the tangential 
component of the electric field is continuous at the boundary between 
two dielectrics. 


Similar boundary conditions may be applied when one of the 
media is a conductor. Since there is no field inside the conductor, 
hence the tangential component of E just outside the conductor 
must also be zero, therefore the field at the surface must be normal 
to the surface. Thus the displacement and electric field in a 
dielectric just outside of a conductor are given as 

Din— a and £'i<=0. •■•(37) 

Refraction of the lines of force and displacement at an uncharged 
surface of discontinuity. We may use boundary conditions given 
.above to show the effect of a dielectric (isotropic) boundary on the 


v=o 



Fig. 5.12. 

direction of an electric field or the electric displacement that crosses 
^ihe boundary. Let the lines of force make angles and with the 
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dreSi?^ediumD-^^^ and 2 Since in an isotropic 

Di cos fli/£'a sin 6^=0^ cos sin 6^ 


or 


As 


(^l/-l) cot ^i = (/) 2 /£' 2 ) cot ^ 3 . 

and 

ki cot ei=kt cot e^. 


. •••(38) 

into « diS?ic 'thfli°n°s of fore/ "'‘"J" ?“*'"« from empty space 
from ,b. Potma,t',',;r'„?;aS:?«c ro 

5.9. EFFECTS OF DIELECTRICS 

the po^arizSiolTt^rM a finite time for 
forces betwee^aSycent k 

varies from substance to sutsianli’" relaxaLn 

thousand years. ^ ance, values from 10 ^ sec to several 

erence^^acqii'r^chaw^^^^^ ^ potential di£F- 

then left with termS o discharged quickly and 

potential difference betwppn k T' acquired a 

with alternating field is also ihp Phenomenon of hysteresis 

(h) n- I . ^ consequence of the relaxation time. 

tivity of the d!e£ri^*’m®J*’**r' '’'=':°“nt of the finite conduc- 

jointly as dielectric hsl, ^ hysteresis loss are referred 

absorption effect is observed relaxation phenomenon 

capacitor is discharoed Vi capacitors. If an initially charged 

This is due to electrir nhsinr^f^^^ 7^-^” circuit is removed. 

fectly homogeneous ForTlTr' dielectric is not per- 

residual charge should nr .1 ^ homogeneous dielectric, this 

geneous crystal like lalek' ^hus a gas or a perfectly homo- 

ua eiysidi JiKe calcife shows no residual charge. 

absorJti?n S?s’ hTaf to and discharged, dielectric 

with hiph fr*^ produced. If this process is rapid as 

the diefectWr^^K^^^ dielectric are low, ).e, 

ate to any extLtTn^Ihis v molecules are unable to rot- 

y extent in this very short time (i.e., the lime of the cycle). 

of real^didecfHr*"*^T?’^*^**‘*“'^’ *he most important property 
intStv ‘here is a maximum field 

y eyond which damage occurs that results in conduction 



Dielectrics 


167 


sparking and other breakdown phenomena. At relatively high fields, 
the electrons in the dielectric gain enough energy to knock other 
charged particles and make them available for conduction. This 
multiplying process occurs along certain paths in the material. 
Along these paths, local heating also occurs and a permanent 
damage results. 

Electrostatic apparatus at high potentials requires a good 
insulation with respect to breakdown. Air is the most common 
insulating material. Fora dry and at N.T.P. air, the breakdown 
occurs at fields of about 3x10® F/m. Fields somewhat le'^s than 
this may produce some steady discharging currents known as 
corona. When the field is not very large over most of the region, 
it may come to or above the breakdown value near the point. The 
lines of force near the point are like those for a sphere, hence at 
the surface of the point E=Vla. Thus breakdown can occur even 
at 300 V at the point of O.l mm radius. The operation of lightning 
rods and brush discharge points in electrostatic generator is based 
on this principle. 


5.10. ELECTRIC FIELDS IN CAVITIES OF A DIELECTRIC 

The electric field inside a solid dielectric can be obtained if we 
consider a test charge placed in free space within the dielectric. 
According to Lord Kelvin an empty cavity is assumed within the 
dielectric where the test charge is placed. The result obtained 
depends on the shape of the cavity. Three cases are considered here, 
(a) a small needle shaped cavity, {b) a disc-shaped cavity and (c) 
a spherical cavity, 

(fl) Needle Shaped Cavity. Consider a dielectric placed in 
between the parallel charged plates producing the electric field E. 
A small portion of the dielectric is drawn so that we have a needle 
shaped cavity AB (length greater than its area of cross section (Fig. 
5.13 a.) Due to the presence of electric field the polarized bound 
charge will appear on the surfaces at A and B. These charges will be 
vanishingly small, as the area of cross section of the needle is taken 
very small. Therefore there will be no contribution of bound charges ta 
the electric field at point C inside such a cavity and the force on the 
charge at C is only due to the applied electric field E. The same result 
IS obtained when we apply boundary condition that the tangential 
components of electric intensity in the two media are continuous, 
i.e,, the electric intensity inside and the outside is the same. 

Disc Shaped Cavity. Consider a disc shaped cavity 5 
(Fig, 5.13^>) within the dielectric, where the diameter of the disc is 
greater than its thickness in such a way that its thickness is in the 
direction of electric field. Due to this field polarized bound charges 
appear on the side surfaces, 1_ to this electric field. Dissimilar to 
the previous case the bound charges also contribute to the electric 
force experienced by the test charge placed within this cavity. The 
electric field Eq inside the cavity is thus given by 
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Eo=E+P/e„ 

or the electric displacement D=SjE,=SoE+P. 

displacement within th« 
electric. This thing can also be obtained by applying boundary 

condition, the normal component of electric displcement D is 
continuous across the boundary. 




(a) 



(c) 


W 
Fig. 5.13. 

assumed that the effect of the 
cavity in the dielectric does not make any difference to the displace- 

ment and field in immediately surrounding medium. This is only 

true for the small cavities. ^ 

c«i, Spherical Cavity. Let the cavity in the dielectric be a 
sphere of a radius r and centre O, such that the radius r is large 

the mtermolecular distance but small compared with 
the dimensions of the whole dielectric. If this dielectric^ is placed 

between two charged parallel plates, the electric field experienced 

by a molecule of he dielectric, if assumed to be placed at the centre 
of the cavity, is given by 

. E„=Ei+E,+E,+E^. ,..(39) 

Here IS the field between two parallel charged plates with no 

polarized%harges on the outer 
surfaces of the dielectric (i.e., depolarizing field), E^ is the field due 

E on the inner surface of the spherical cavity and 

4 IS ihe field due to all the dipoles inside this spherical cavity. 

— — pf where o is the surface charge density, E, 

polarization vector due to the polarization 
of the dielectric when placed within the external field E^. 

E,„= El - P/e^ + Eg + E^. ... (40) 

If all the atoms are assumed to be replaced by point dipoles 
parallel to each other, then the field E^ due to the atoms within the 
cavity will depend on the crystal structure. We know that the elec- 
tric held at a distance r from the dipole of dipole moment P is 


E= 


1 


4ne. 



P 

^8 


3(p.r) 



...(41) 
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Summing over all the dipoles within the sphere is equivalent 
to taking the spatial average of the x-component of the field 

^(PxX-\~pvy+Pzz)x 


1 "-^ -- i 

47r£(, L 


.... 


(42) 


For an isotropic dielectric, the x^y and z directions are equi- 
valent, i.e.. 


x^=y-=z*=^rV3 and xy~yz=zx=0. 


...(43) 


hence the field due to the dipoles within the sphere vanishes. 

Let E be the electric field in the dielectric when it is placed in 
an external electric field E^. From second boundary condition, we 
know that the normal component of electric displacement O is con- 
tinuous, across the vacuum dielectric interface. As D is _L to the 
surface, hence D in the vacuum just oustide the diele;ti ic is equal 
that in the dielectric, i.e.. 


^oEi=e,E+P. 

Combining Eqns. (40) and (44) and using E 4 — 0 , we get 

E,„=-E+E,. 


...(44) 


-.(45) 


For Eg, let us consider a small element dS of the surface to the 
cavity at point A with polar co-ordinates r, 6. The component of 
the polarization normal to the surface of 
the sphere at this point is equal to P cos B 
and therefore equal to charge per unit 
area over the element dS, Hence the 
electric field at the centre O due to the 
charge over area dS is given by 


JE'= 


1 


47re 


<P cos 6) dS ^ 

' "2 ' r. 


0 r 

It is directed aloag r or OA. From 

symmetry it is clear that only the com- 
ponent of ^E' along the direction of p 
will contribute to the total field E,. Let 
us assutne dS as a ring shaped element of 

surface by an arc at A between 
area of such a ring dS^licr sin 6 (r dO). 

E^^EdE* cos B 



Fig. 5.14. 

area described on the 
angles B and B'\-d9. The 



P cos e. 2nr^ sin 0 dS 


2 


cos $ 


cos*^ sin B dB= 

Jo 3e, 


...( 46 ) 
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or vecforially Eg — P/S eq, Thus Eqn. (45) reduces to 

Em=E+P/3eo. ...(47>> 

For ideal dielectrics P=(*— 1) SgE, hence 

E„=E+i Qc- 1) E=i {k+D E 
E=[3/(A:+2)]E„. ...(48) 

Substituting this value of E in the relation for the polarization 
P. we get 


P=(^-l) e„^„E„= ...(49) 

II t^ipole moment of a molecule per unit polarizing field is 
cal ed thQ polarizability or the molecular {or atomic, if we are dealing 
with atoms rather than molecules) polarizability^ i,e.. 


^ Pml-Em* 

It there are n molecules per unit volume, then polarization 

Comparing Eqns. (49) and (51), we get 

^ 3^0 k~l 

n yc+2 ■ 


...(50) 

...(51) 

...(52) 


relation. It gives us the 

dielectric constant of a fluid in terms o_f the polarizability. 

Atornic Polarizability. When an atom with atomic number Z 
IS placed in polarising field E, the+ve charge will be displaced 
through a distance x from the centre of electron cloud in the direc- 
tion of E. The force ZeE acts in the direction of E, while the electrO' 
static force tends to restore it. Hence in equilibrium 


(Ze) {Zex^lR^)l47teQX^=^ZeE or Zex=^4m^ R^E. 


The atomic dipole created in this process has a dipole moment 
P^Zex. Hence the atomic polarizability 

<^=PmlEfn=ZexlE^4K€QRK ...(53) 

Combining this equation with the Clausius Mossotti relation 
and eliminating a we get 

'^=■ 3 ^- -j^R’‘n=V. ...(54) 


where V is the volume occupied by the atoms (or molecules) per 
unit volume of the dielectric. With the help of this relation atomic 
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radius can be calculated. The values so obtained agree reasonably 
well with the results from other methods. This confirms the Clauses 
Mossotti relation. 

5.11. POLARIZABILITY 

The total polarizability a may usually be separated into three 
parts : electronic, ionic and dipolar orientational. 

(a) Electronic Polarizability. The electronic contribution 
arises from the displacement of electronic cloud relative to the 
nucleus. The displacement x of the electron of mass m by the 
application of a field E is given by 


— eE=ma}Q*x=px, 

where p is the force constant and wq is the resonance frequency of 
the electron bound harmonically to an atom. 

Electronic Polarizability ...(55) 

The electronic polarizability depends on frequency. An electron 
Having the resonance frequency ojq may be treated as a simple 
Harmonic oscillator. The equation of motion in the field E sin wt is 

d^x 

eE sin w/. 


Therefore for x=Xq sin we get 


Dipole moment Po~—exQ=^ 


e^E 


and electronic polarizability a 


e‘^lm 




• • » 


(56) 


vprv frequency dependence is not usually 

very important m most transparent materials. 


**o*a« 2 abiHty. It is produced by opposite 

the^Tnni^ ® tr’ the case of electronic polarizability 

me ionic polarizability is given by 






where mi is the transverse optical phonon frequency, a the charse 
numbered planes and on the even-numbered planes respectively. 
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(c) Orientational Polarizability. The orientational contri- 
bution arises when the substance is built up of molecules possessing 
a permanent electric field. 


Debye explained the dielectric constants of some substances'" 
consisting molecules possessing a permanent electric dipole moment, i 
In the absence of an applied electric field these molecules point in 
random direction and the net polarization of the dielectric is zero 

P~ •••(58) 

where the summation extends over all molecules in the volume 
element 

If an electric field is applied, the expression for the polariza- 
tion can be obtained from Langevin — Debye theory, which is as 
under ; 

* A- ^^^^®ctric is subjected to an electric field the ^ 

individual dipoles experience torques which tend to align them with 

the field. If the field is very strong, we may assume all dipoles to be 

aligned completely and the polarization may achieve the saturation 
value. 


P,=A^p,„. .„(59) 

where N is the number of molecules per unit volume. This electric 

field mil also produce induced dipole effects. For (he moment, we 
shall Ignore this contribution. 


At fields generally applied, the polarization of a polar dielec- 
tric IS very srnall in comparison to its saturated value. It decreases 
with increase in temperature. This deviation from saturated value is 
due to the thermal energy of the molecules, which produces random 

mechanics gives that the probability 
oi finding a molecule with particular molecular energy U at tem- 
perature T is proportional to exp. {-UjkT), where k is the Boltz- 
mann constant, equal to 1.38 X 10'^® joule/degree. 

„ . , dipole makes an angle 0 with the direction of electric 

^Jd E, then the potential energy of a dipole is given as £/"= — p.E=3 

VA Hence the number of dipoles per unit volume per unit 

solid ^tigle making an angle 9 with the direction of the electric field 

. Thus the number of dipoles per unit volume 
with in the solid angle d^ between directions 6 and 94-d9 with B 
18 given by 


co$$ 2^ sin 

=c'e (^EjkT^coBB sin Bdd. 

'^here C'=27rC. 
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Hence the number of dipoles per unit volume 

N=a' j* cosi sin gjg^ 

Each dipole contributes a dipole moment p cos 6 parallel to E 
and p sin B perpendicular to E. It is clear from the spherical 
symmetry around E, that the contribution of dipole moment in the 
direction J_ to E must be zero, hence the totol dipole moment pei 
unit volume is along the direction of E, and P is given by 

F—Ep cos B, dN=Cp e cos ® sin B dd 




<^<^5 0 sin ® cos B dB 
^ ® sin B dd 


Substituting pEjkT—u, u cos 6=x and hence u sin 0 dB = —dx 


P= 


Np 



e^xdx 


u fu 

J _u 


e^dx 


Np 

“lu 

xe^—e^ 

J-U 

u 

“u 

« J_u 


=Np [coth M — 1/w], 


...( 60 ) 


which is known as Langevin equation and the bracket term as Lange- 
vin function L(x). A plot of the function shows that the polariza- 
tion P tends to Np, its saturation 


value, when u->go. Thus high 
field E and low temperature T 
can give this saturation value. At 
smaller values of u, the curve is 
linear. Dipole moments are of 

the order of 3x coul w, so 

for £’—10’ volts/meter we have 
/?£=3x A[ room tempera- 
ture kT=4x 10“^^ joule, so that 
u-10 2 . Thus we can write 
Langevio’s function as 


t 


_P. 

NP 



u 


Fig, 5.15, 




coth u 


_J_ e“+e 


— ti 


Hence 


or 


u 

P= 

P= 


u 


u 


e^-e » u ~ 3 
■Np ul3=^Np^EI3kT, 

(Npy3kT)E. 


...(6U 


174 


Electricity and Magnetism 


As polarizability is defined as the dipole moment of molecule 
per^ umt electric field, hence the orientational polarizability per 


PINE=pV3kT, ...(62) 

and the electric susceptibility 

X=PlE^Npy3kT. .,.(63) 

At room temperature, aor is of the same order of magnitude as 
the electronic polarizability. Hence the total polarizability becomes 

“=“o+pV3*r, ...(64) 


where Kq denotes the sum of the electronic and ionic contributions. 



Fig. 5.16. 


This is the Langevin- Debye 
equation and is of great impor- 
tance in interpreting molecular 

structures. 

Frequency dependence of 
the several contributions to 
the polarizability is shown in 
Fig. 5.16. It shows that at 
optical frequencies the contri- 
bution is almost electronic. 


5. 12. PIEZOELECTRICITY 



^ If a mechanical stress is applied to the crystal, the atoms are 

slightly displaced. The ionic displacements are symmetrical about 
the symmetry centres in the centrosyrometric crystals and the 
charge distribution inside the crystal is not changed appreciably by 
the applied stress. In the case of acentric crystal, the ionic displace- 
ments are asymmetric and the electrical dipoles are produced in the 
crystal. This effect is known as piezoelectric effect and these crystals 
are called piezoelectric crystals. Conversely when an electric field is 
applied to a piezoelectric crystal dipoles are induced and the atomic 
displacements produce a mechanical strain. This is called the 
inverse piezcelectric effect. The displacement varies periodically 
when the alternating field is applied to a piezoelectric crystal. At a 
certain frequency called resonance frequency these dibplacements are 
in phase with the applied field and hence are maximum. The 
frequency range at which resonance occurs is mostly very sharp 
hence such crystals are very much used for frequency controls in 
radio transmitters and in electronic clocks. 
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Mechanical stress p Ad 
Young’s modulus y”" 


d 

...(65) 


A 


To obtain a relation between the 
electric polarization produced 
in a piezoelectric crystal, con- 
sider a crystal of which d 
placed between two metal 
plates A and B, If the crystal 
is compressed by an applied 
mechanical stress p, a mechani- 
cal strain s is produced in the 
crystal. 


echanical stress and the 
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Fig. 5-17. 


The polarization density P in the crystal is proportional to 
the applied mechanical stress, therefore we have 


P=Y)P, 


...( 66 ) 


where yj is the piezoelectric constant 


On the other hand if an electric field E is applied to the crystal 
then the induced strain is proportional to E, i,e. 

Stn=y\'£. ...(67) 

When both an external field E and a stress p are applied to 
the crystal, the electric displacement is given by 

D=E^E-yp=^E^E+'np ...( 68 ) 

and the internal strain 


s^ri'E+plY. 



5.13. ELECTRETS 

When an external electric field is applied to a pohr dielectric, 
the dipoie moments get partly lined up. In general this induced 
polanzaticn disappears when the external electric field is switched 
off. There are certain dielectrics (organix; waxes, plastic materials^ 
etc.) in which the polarization remains when the field is removed. 
Such maferials are called electrets. The duration for which these 
induced polarization persist depends on the nature of the material. 
Its polarization C'mdition anJ its surroundings. When an external 
electric field is applied to a dielectric in the molten state the molecu- 
lar dipoles are partly aligned in the field direction. If this dielectric 
18 allowed to solidify, the dipoles are frozen in their new orienta- 
tions and do not return to their original orientations when tbe 
external field is removed. Electrets prepared by this method (apply- 
ing field at the time of molten state and removing field when it is 
solidify) are called thermoelectrets, Electrets are also prepared by 
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the simultaneous application of light and an electric field. Such 
electrets are called photoelectrets. 

The electrets are very used in instruments such as microphon- 
es, high voltage generators, computers, radio and television receivers- 
and other electronic devices. The photoelectrets are of very much 
use in technique for the reproduction of printed matter 

(xerography). 




FERRO-ELEGTRICITY 


^0^rtain types of dielectric materials are asymmetric in such a 
i^y'that they are spontaneously polarized in the absence of external 
^ Selds. This self polarization results from the displacement of ions 
due to local electric fields. The polarization due to permanent 
dipoles present in the dielectric is temperature dependent. A change 
in temperature of the dielectric changes its polarization. This effect 
is called pyroelectric ejfecc. Nearly fifty per cent of piezoelectric 
crystal classes exhibit this property. There are certain pyroelectric 
crystals in which one can reverse the direction of polarization by 
applying a sufficiently intense external field. Such crystals are called 
ferroelectric and this effect is called the ferroelectric eflect. It should 
be noted that all the pyroelectric crystals are piezoelectric crystals but 
the reverse is not true and similarly all the ferroelectric crystals are 
pyroelectric crystals but the reverse is not true. 

The term ferroelectricity is applied to the ferroelectric pheno- 
menon. A ferroelectric crystal generally consists of regions called 
domains within each of which all the molecular depoles are parallel. 
In adjacent domains the polarization is in different directions. In 
the crystal as a whole the dipole moments of these domains are 
randomly oriented resulting in zero dipole moment. When an' 
external electric field is applied these domains tend to align them- 
selves in the field direction. The polarization induced does not vary 
linearly with the applied electric field E. The ferroelectric materials 
exhibit hysteresis phenomenon in a manner similar to ferromagnetic 
materials. They often exhibit large susceptibility. As the electric 
field is applied the total polarization increases rapidly until the 
saturation value is reached. Tt is the position where all the domains 
are parallel to the applied field. "WnTen the field decreases to zeio, 
the polarization does not return to zero. The polarization left is 
called remanent polarization. The coercive field required to reverse 
the polarization direction is not so large as to cause electric break- 
down of the crystal. 

Many ferroelectric crystals undergo a tran'^formation at a 
certain temperature called the Curie point. Above this temperature 
they are no longer polar even though they may still have noncentro- 
symrne'ric structure. The dielectric constant k of these cr>stals 
above the critical temperature {transformation temperature^ Curie 
point) U given by the relation. 
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...(7C 


ri:LfpofaSir™.T.t,t 'tt 
rriS”ov?.hiVru!i^^^ ^ ^ 

Oae of the best kt.owtt “[Sf „tofs3 

titanate iBaTiOt), which is ® Because of their low 

spontaneous polarizabilities ferroe several groups of ferro- 

in computers as memory cells. Th^re are sever g 

electric crystals. The examples are . 

. BT i' (r H 0.1 4H',0 ; Potassium dihydrogen 
Rochelle salt NaK (CiH\Ot d, -r,- n, • Guanidine com- 
phosphate KH,PO. ; barium Uta,, ate Ba T, Os , Ou 

pounds such as C{NHi)s Al{SOj)t- 6 H 2 

OISSON AND LAPLACE EQUATIONS 

law in the differential form ^‘^.4 7 o'the 

"^iSri^ti^of the electric induction components 

distributed space charge, can be written as 

div D— p. 

We know that E= - grad Kand in an isotropic medium 

D” eE, 

div D = div eE=e div (-grad n = 

or VV=-p|e. 

This is known as Poisson's equation. If there is no free charge 

n')\ 



present, p*=0 and we get 


r7 2 T/« n 



This is known as Laplace's equation. 

In cartesian coordinates, Poisson’s equation becomes 


d*v , _P_, 

" 53 ^+ a/ ^ dz^ e 

...(73) 

In spherical polar coordinates, we have 


7U.’’ 7r)+?^e “ M )+f S,„'ee+' . 

...(74)' 

In cylindrical polar coordinates, we have 


1 a / 5 k\ 1 d^V f.. 

T 9r r r' 56" ^ 

...{IS)) 
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nates different system of coordi- 

nates. These equations are very useful in electrostatic problems. 

5.16. THE UNIQUENESS THEOREM 

If potential V can be found we can at once get E from it 
Everywhere outside the conductor V has to satisfy the Sace 
equation VK-O. Thus the problem of finding the electric field E 
ue to a given set of charged conducts, is just of solving the 
^places equation. Let m cartesian coordinates, Fi (a:, y, zf and 

two solutions of Laplace’s equation d^Vjdx’^+e^Vldv* 
^ raceting the same boundary conditions. As Laplace’s 
equation IS linear hence the linear combinations of these two solu- 
tions ai f,+« 3 F, should also be the another solution, where a. S 
are constants. In particular, the difference between ou^ t^o 

differences ^ correct solution. Call this 


W(x, y, z)» Vi(x, y, z)- Fj {x, y, z). 


...(76) 


^ boundary of all the conductors, 

as F, and F. are equal everywhere on them. W is also a solution of 

f conductors but 

Z m nninf f This must also be zero 

at all points in space. We also know that potential is zero at infinity 

as well as on all the conductors. Hence we see that W must be zero 

n Icc fTr^h J solution of ^place's equation that satisfies the 
prescribed boundary conditions. This is the Uniqueness theorem. 


5.17. APPLICATIONS OF LAPLACE'S EQUATION 

^8 very tedious. It requires the 
of Legendre s differential equation, which is beyond the 

V ° readers are advised to consult any standard 

SsiedST equations. Following two simple cases are only 


(a) Conducting Sphere In a Uniform Field. Consider an 

sphere of radius a placed in a uniform electric 
.tieia Eq. Ihere is an equipotential plane cutting through the middle 
of the sphere and perpendicular to the direction of Eo- We define 
this plane be at zero potential. Since net charge on the sphere is 

V and sphere is an equipotential surface with 
^T. ■ sphere distorts the field in its neighbourhood, but the 
held at a great distance remains unchanged. If the origin is taken at 

the centre of sphere and the .v-axis in the direction of original 

electric field Eq, potential at large distances is that of the field Ea 

^one. Hence at points far from the sphere V^~EqX*= —Eqt cos 0. 

1 us we must look for a solution of Laplace’s equation which 
satisfies the two boundary conditions 
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K*= — E^r cos 6 for r-^ co 

K«=0 for 

To satisfy these boundary conditions, let us choose the solution 



t-lg. 

^^-^■p^Both the terms are solutions of Laplace’s equation V**K»=0 

to zero for r->co. From the boundary condi- 

Tnrtia A^Eqc ^ , hence the general solution of 

Laplace s equation for our particular case reduces to 

-Eor cos 0+£ofl^'r2) cos 6= -Eor cos 0 [1 ...(78) 

Inside the sphere the 

potential is verywhere zero. ^ 

of second term, (Eoa^lr^) cos 6, amounts to the perturbation 

of the original uniform field by the conducting sphere It corres^ 

the’'or/° f ^ moment p=Eoa^ placed at 

the origin. With p along ;c-axis. ai 

The components of electric intensity outside the sphere are ; 


along radius vector Er^--~=(^ 1 ^ Ea cos 6, 


...(79) 


J- to radius vector Ee = ~~ 


] £F 

an 


- 1 ~^'Jeo sin e. ...(80) 


, '■=«, i e., the surface of conductine sohere F.— tir a 

*nd 0. Along the x-axis the field at^he surface S tTusV a J 

at points on the surface along y-axis. both Fandf^e rwo " 
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We know that the surface charge density on the surface of a 
conductor immersed in a medium of dielectric constant k is given bjr 

cF=I)=A:Eo(-^'’)r-o=3^eo£fl cos 0. .,.(81) 

It is +ve on the right hand hemisphere and negative on the 

left. 

If the sphere has a charge q, then we have 

r~-{ l-^)£.rcose + ^^. ...m 

(b) Dielectric Sphere in a Uniform Field. Consider an 
uncharged dielectric sphere of radius a and dielectric constant ku 
surrounded by a medium of dielectric constant and placed in a 
uniform electric field Eq. Let and K3 be the potential functions 
inside and outside the sphere respectively. The solution to this 
problem must satisfy the following requirements. 

(0 and 1^2=0, both inside and outside respecti- 

vely, as the net charge on the sphere 
is zero. 

(//) Vi must remain finite for 
all r^a. V 2 must also remain finite 
at infinity. 

(Hi) Vi^Vi for r=a at all 
angles 0, otherwise discontinuity 
would give an infinite electric field 
there. 

((v) Both boundary conditions 

must satisfy at the surface of the sphere. Di„«D2„ and 

As in the problem of the conducting sphere 

—Ear cos Q~\-{Alr^) cos 6. ...(83) 

As there is no volume distribution of free charge inside the 
sphere the potential function inside the sphere may be assumed of 
the same form as that used outside, hence 

10s 0 + (C/r*) cos 0. ...(84) 

Evidently, C must be zero, otherwise the potential would 
become infinite at the origin (r=0), hence 

cos'©. .. (85) 

At the surface of the sphere (r^a), we have Fa. 

/. Ba cos 0= —Eoa cos Q~\~{Ala*) cos 0 or B— —Eo+AI<^- ...(86)' 

The boundary condition, that the normal components of the- 
electric displacement at the surface must be continuous, gives. 
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or ki9^ Etm- 

At B.’-'-evIdr, hence- ki{dVi!dr)r., kt{dVt!dr)r~. 

-kiB cos e= COB 6 -(2/1 /a*) cos 6] 


•or 


k^^-k^iEt+lAla^). 
Solving Eqns. (g 6 ) and (87) we get 

# k\ — k% ^ ^ 

and £« - 


...(87) 


-3At 


2 


£n. 


k,+2k, k,+2k^"^ 

Thus the potential ftjnctionB inside and outside the sphere are : 

2k% 




k\'^2kt 


Ear cos 6 


...( 88 ) 



ki — ki 
kx~\-2ki 



^ £q r cos 0. 



As the potential inside the sphere can be written as Vx'^Bx^ 
nence the field inside the sphere is uniform. It is parallel to x-a.Kis, 
i.e., along Eo and is of magnitude 


dVx 3kt 

ki~\-2k2 



For the dielectric sphere in a vacuum (/r 2 =l), the original 
umform field £o has been reduced to a value [3 (A'i-r2)]£o. TJiis 
reduction is due to the field of the polarization charges on tlie 
surface of the sphere acting in opposite direction. This revel se field 
IB known as the depolarizing field Edtp and is given by 

It may also be expressed in terms of a depolarizing factor L as 


^^Edep^LP^U^ikx- l)£i. ...(92) 

Substitution of values gives £= 3 . ...( 93 ) 

The potential distiibution outside the sphere is that of a dipole 

k ^”^acofl^£Q(/:i~^ 2 )/(A:i+ 2 £ 2 ), situated at the centre of 

tne sphere, superimposed on that due to the uniform field. 

If £ 1 ^ 00 , the solutions tend to those obtained for the conduct- 
ing sphere. 

5.18. ELECTRICAL IMAGES 

^ The distribution of induced charge on a surface, hence the 
field intensity and potential distribution may be found in many cases 
^ the method of electrical images, developed originally by Lord 
Kelvin. If two equal point charges of opposite signs are separated 
J a certain distance 2a, the plane passing through the mid-point of 
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Sfi perpendicular to this line is an equipoten- 

tial surfece (at zero potential). Now if we replace this equipotential 
surface by a conducting surface, and transfer one of the charges to 

remains unaltered aWiough that between the fi?st charge and the 

surface is wiped ouu. Conversely, if a point charge is placed in front 

of an infinite conducting plane, the resultant electric field in front 

produced by the original 

theorTorc^ analogous to the 

nr ml 1 linages. Thus an e/ectnccf/ image is a set of one 

other'lilZ produces on the 

'■» rrci.ed ,, ,He 

b, , "tn?; rgf “Sin 

unioueJ-ss til nr'nni conductor and by the principle of 

S 'SiSd hv S If ""‘I ^ conducting surface 

us apply this method toThifollowIng^S^^^^^ 

.he siVd dSf .?7 p„“? 

charge q placed before 
conducting plane AB at . 
distance d from it, we consi 
der the field due to this 
charge q and iis image, the 
charge —q placed on the 
perpendicular dropped from 
^ to the plane on the left at a 
distance d from the plane. 

The potential at an arbitrary 
point P (r, 6) is thus given by 

V^-J J 

4i»e r 


To find 


a 

a 


Conductor 





Dielectric 


- - 




B 


Fig. 5.20. 


J 


4 TfS 


ri 


I 


...(94> 


4ne L r V {j^+A(P-\-4rd cos 6 _ 
where e is the permittivity of the medium outside the conductor. 

direction of r» £>** 

direction perpendicular to T^Ee^ — (llr){dVldQ)^ 

tnerefore the component of electric intensity at point P normal to 
tne plane 

E^^Er cos e-F« sin 0= cos 0+—^ sin 0 

Or ,r dd 
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E, 


S_ 
4n 


/•cos0+2rf 1 

(r*+4dr^d COS J' 


..-( 95 ) 


“ r md ,hc f.c,<, 
TTi • ^ <ldl2ntr^. 

^ <l^i^6ntd^, 

the plane. indicates that the charge is attracted towards 

Me w a/ Sphere. CaseJ~w; 

ceS/ ^ ^ be placed at a point 

centre of an earthed spheri- 
cal conductor of radiL a 

To solve the problem we 

ma ^ ., determine the 
magnitude and position of 

the^^nh* '’^‘de 

the 9 makes 

Burfar^^f ® ^ equipotential 

aP I potential). 

iAi * " approach to the Fie 5 71 

where ^ poia.'t .^'TpheT^ 

OAla^alOA'^PAlPA-, or PAlPA'^fla. 

hence "" equipotential surface at zero potential. 


i ^ 

n 




^4»»eo(/>^')=0> or?' 


PA- 
PA “ 


...(98) 


-"Sa - 

J^ace de.,„ 

A 


a 

—"-Electric field at point p. 


I 


1 




r* 4i,g^ 
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where r and r' are the vectors AP and AT respectively and n 
denotes a unit vector along the normal OP to the sphere at P. Now 
we have 

A A 

r-AO+OP“^AO+^7rt and r'«A'0+0P>- A O+a/i. 

A 

Remembering that E is radial (along n) at P, the terms involv- 
ing AO and A'O cancel and we have 


ik 


n«E 


1 qa 


n — 


1 qa 


a 


eQ 4 tc€o ' 4neo f 

Using relation PAlPA*=rlr^t la, we get 

So 4neo r® \ a^ J 


/3 


rt. 


4neQ 


or ^ 

4n ar 


...(99) 


The force between charge q and the sphere is given by 

1 qq' 1 q{-qalf) 1 q^af 


...( 100 ) 


4j?eo(^>t;)^ 4nco(/-a2//)2“ 4neo{f^-a^)^ 

This — ve sign indicates that the charge is attracted towards 
the sphere. 

Case n. When the sphere is insulated and without charge. When 
a point charge q is placed near a insulated conducting sphere, the 
conditions are ; (/) The gaussian conditions in the region outside 
the sphere remains the same. (//) The total charge induced on the 
sphere is zero, as the sphere is insulated, {in) The potential of the 
sphere is uniform all over the surface and is not zero. 

The charge at an external point A and its image charge 
—£fg// at point A' satisfy the gaussian conditions. An additional 
image charge of qalf must be distributed uniformly over the surface 
of the sphere, in order to satisfy condition (i/). It is assumed at the 
centre O. 

As regards the potential of the surface of the sphere, the two 
charge + ^ at /I and —aqlf at A' together produce zero potential 
on the sphere and the net potential on the sphere is due to the 
charge aqlf at the centre O, which is given by 

1 Charge 1 aqlf 1 ^ 


...( 101)1 


4tico Radius 4Ttco a 4n£Q / * 
which is uniform as required by the condition {Hi). 

Surface density of charge at point P«= surface density due to 
charge (<?, —Ralf )-}-due to the charge {aqlf) at O, 

* ? / .9 ox . 9alf I q f f^-a^ Xl 


or 


1 




4n ar 


From this result we see that when point P is at Pi, for which 
r^^f—a, wc get 
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1 ^ 3/- a 

/ (f-af' 

which is negative, and when point P is at P 2 , for which 
get 

1 n 3/+a , 

^7T7+^^ 


...( 103 ) 

r=f+a, we 

...(104) 


which is positive. 

Thus there is a line between these positions Pi and P 2 through 
point P' say, on which surfhce charge density a = 0, such as 


or 


{P'A)^-=OA\AA' 


2 


[/-y] 


...(105) 


The force of attraction between the point charge 
sphere is thus given as 

if 


<} and the 


f 


1 


q^a 


1 


q'^a 


1 


q^a 


4heo/(^^')^ 4k£o f(AO)'^ Auzq f 

(2p-a^) 


•2 

-a^)" /"J 


1 


4neQ p (p-a-)^ 


...(106) 


(3) Point Charge and a Semi-infinite Slab of Dielectric. 

Let a point charge 4-^ is 
situated in air in from of a 
semi-infinite slab of dielectric 
of permittivity e. This charge 
induces a charge on the 
dielectric slab. If this in- 
duced charge is replaced by 
an image charge (or charges) 
situated in the dielectric, 
then it must satisfy the follow- 
ing conditions : (a) Gaussian 
conditions hold good both for 
the dielectric and air medium, 

(b) Boundary conditions are 
also valid, (c) The potential 

at infinitely distant points is zero. 

To solve this problem let us consider a cliarge q' placed at 
point B in the dielectric such that /fC=^5C. The value of q' is so 
chosen that the combination of q and q' gives the correct field 
distribution on the R.H.S. of the boundary and fulfils the condition 

(c) . For the correct field distribution within the dielectric, i.e., on 
the L.H.S of the boundary only the charge q is replaced by tho 
another charge q*'. The act of placing charge does not conflict 

with gaussian condition in dielectric and condition (c). 
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*• 1 ^ ^ <1" are so chosen that boundary condition*, 

are also ^tisfied. For this purpose we have to assume charges q 
and <? when we deal with R.H.S. of the boundary and charge 9' 
alone when with L.H.S. The electric field at point D on the boun- 

^ IS ^47teo(/fZ))2 along AD and due to charge {q’ 

IS <? /4nEo (R£) along BD. In the second case we Aave m/ten eo ins- 

teadofzasq is animage assumed in air, not in dielectric. Hence 

tfte total tangential component of electric intensity due to the 
presence of charges R and <1* 




taitgential component of the field due to the charge q\ 
supposed to be placed at point A, giving field distribution on L.H.S. 


q’ 


4neo(/ii))“ 


sin a. 


for the continuity of the tangential components of electric 
intensity, we have 

(^ + ^0 sin a q" 

4neo 


or 


The normal 
con inuous, hence 


...(107> 

components of the displacements should also be^. 




4neo{AD) 


Y cos a — 




tq 


4TtE„(Ri))2 “ 4TtEoUD)*‘'°®“ 


or 


Solving Eqs. (107) and (108), we get 


...(108) 


q' 


1 and ^ 

k+\ ^ /c+i 


...(109) 


is negative if q is positive and 

than ^ and en’f image charges each I?ss 

man q and satisfying boundary conditions. 

dielectric attraction between the original charge q and the 


1 q^k-l 

^^^0 (IdY " k+l 

*=^V4h£o (4d^) (for A'=co). ...(110) 

given bvp7 as obtained for the conductor and a point charge^ 

dielectric ^ ^h^s we see that a conductor behaves like a 

amectric with a permittivity of infinity. 
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5.16. SYSTEM OF CONDUCTORS 

In this article we shall discuss the general theory of an elect- 
rostatic field due to large number of conductors. L"t us consider 
a system consisting of n independent isolated conductors in any 

medium. Any charge placed on ihe one conductor will not only 

increase the potential of this conductor but also of the other (« - 1) 

conductors. If the potentials of 1st, 2nd, 3rd. ..nth conductors due 

to a unit charge on the 1st conductor are designated as m,, n,o 

respectively. If a charge is placed on the 1st conduc- 
tor then potentials become pu q,, Pr 2 q,, p,„ q,...p,, q,. if charge q^ 

^ conductor, instead of first, then potential 

will be P 2 iq 2 , p 22 q 2 , P 23?2 p 2 „ qi- From this diseussion it is 

upon which the charge has been placed and the second number 
prod^Sd which the resultant potential has been 

t,al c,f„.y „„ c.'l.duc./r-tv’ii £‘fc'b,'S:S<li,,or.“',t TeS 
tial of the 1st conductor is given by ^ 


for 2nd conductor 
for «th conductor 


h'l-Pu9l + P 2 , 92 + ^31^3+ 

^2=/>I29i+P 22<72 + P329, + p„2?i 


^'•‘=Pin(ii+P2„q2+p3„q3 + p^'^q 

These n equations can be written as 


S pt^ qt. 


». JSHFs£S!»«t I! 

...( 112 ) 

where .be coefficiems are called rhe coc#c/e»B cf 

h' S’‘ 'hen 

nothing but the capaefianee K the co 

are called the 

potential ofTiS^Suctfr ^uIYo^J unr^h^*"^* Potential. The 
to the potential of the second due to a unU^^hn 

A 2 »P 2 i, or m the generalised form 
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pij^pjL -.(113) 

This is known as the reciprocity relation for the coefficients of 
potential. 

To prove it, let us consider a simple case of three conductors, 
labelled as 1, 2, 1 Let charges Qt give rise to potentials F, and 
charges Q/ give rise to potentials Vt (/=!, 2, 3). The potential Fi 
on the first conductor depends upon the charge on these three con- 
ductors. In terms of charge densities on their surfaces, the potential 
on the conductor 1 is given by 

^ 47ceoLJ-yi n '^J52 r2 rz ~ 4Tceo J5i23 rj 

Since ^'dS\ hence 

eiTi = ---f a’rfS'f ^=— !— [ ( <^'^S'adS 

4n£o J^I J^i23 r 47reo J j'i23 J5i r 

...(114) 

Here r is the distance from a chosen point: on the surface dS" 
to the surface element dS. 

The above equation may be written for other conductors, and 
■'we may have 

Qi'V,+ Q2V2+Q3V3=-^\ [ • ...(115) 

4Tteo Ji^i23 J5'i23 r 

Similarly, we have 

QlVl+Q2V2'+Q3V2'^-r^[ \ ...(116) 

4ti: eq J 5^23 J 5 i 23 r 

Thus we have 

QlVl+Q2'V2 + Q2V3 = QiVj'+Q2V2+Q3V2 ..•(11'^) 

This relation is known as Green’s Reciprocal Theorem. 

As a particular case, let us consider varous charges 

2 i-l, 22 = 0 , Q 3 -O ; 2 i = 0 , Qa'-l, 23^0- 

V2^Vi\ ...(118) 

Its comparison with equation (111) gives 

F2 — pi2 and Vi’=p 2 i 

• • Pl2=p2l 

In the generalised form, it may be written as 

Pit 

Hence is the required relation. 


...( 119 ) 
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The Screening Theorem. Let us consider three conductors ; 
conductor 1 is surrounded by an earthed conductor 2 and the 
conductor 3 is in the neighbourhood. As conductor 2 is earthed, 
and thus the charges on these conductors are given as 

^ 1 *= ? 1 1 1 “T ^ 3 1 1 ^3 

^2=^12Ki+(Z32K3 

^8“ ^33^ 3* ...(120) 

Let US assume g 1=1. Since the conductor 1 is enclosed within 
an earthed conductor 2, potential Ki of the conductor I will be same 
as that of conductor 2 {i-e., zero). Therefore 

^1 = ^11 XO-r^aiKs^O. 

This must be true for ail values of K3. 11 will be possible for 

^'ai— 0* Thus we see that the conductor 3 has no electric influence 
on conductor 1 and vice-versa, i.e., the earthed conductor 2 around 
conductor 1 has electrically screened it from external charges (charge 
on the external conductor 3). Thus to protect an electrostatic 
apparatus from electrical disturbances, it shou’d be enclosed in 
a grounded metal conductor. This is known as the screening 
theorem. 

5.20. FIELD DUE TO A SET OF COLLINEAR CHARGES 

Let point charges qi, g8,..-be situated at points Ax, A 2 , As--- 
on a line LM. Let F be any point having polar coordinates (/*i, 61), 
(r2, 6a), (ra, 69) with respect to points ^1, T2, /l3,..-respectively. 



Fig. 5.23. 

The electric field intensities at point P due to these charges are 

respectively ^iri/4Tieori^, (?2r2/4Tceor2^, ^3^3/4TC£or3^... The sum of 

their resolutes along the normal to the line of force at P must 
vanish, or 


t (qi sin ^</4 «€o ri^)=0, 
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' where <f>i is the angle which the tangent to the line of force at P 
.^akes with the radius vectorn. As sin t/Oj/dlr, hence 


^ qi Mi 
4Tceor/ ds 



or 



From the geometry of figure, we have n sin 0i=ra *in 02«*r. 
r Sin 03... = A (say). Therefore 


(1/A) Xqi ain 0< ddi=0 or %qi sin 0< ^/0<=O. 
Which gives an integration tqt cos 0< = constant 


or qi cos 01+^2 cos 02+^3 cos 03+,..== const. .,.(121) 

5.21. FIELD DUE TO A NUMBER OF LONG CHARGED 
PARALLEL FINE WIRES 

Let there be a number of long charged parallel fine wires 
■carrying charges (per unit length) Ai, Ag. Ag... and cut the plane of 
paper at right angles at points Ax, A 2 , +3. ..The electric field at any 
point F due to these current carrying wires are 

AAA 

‘ Ai n/lneon, A2r2/2neor2, A3 rs/li^ear^. . -respectively. 

The sum of their resolutes along the 
normal to the line of force FF' must 
vanish. 

or S (A</27ceQr<) sin ^<=0, 

where the angle which the tang- 
ent to the line of force FF' makes 
with the radius vector n, is given by 

sin ddilFF'. 

SAi deillTzcoFF^^O 

or XA;(i 6 < — AiifBi+Agt/Og+As i/03+... 

-0 ..,(122) 

On integration, we get 

Ai0i + A202+A303+.,.t= const. 

It must be noted that if any 
charge lies on the opposite side of 
■ the line of force, the sign of the term due to this must be changed. 

Exercises 

Example 1, Calculate the torque and force experienced by 
an electric dipole placed in the field of a point charge. The dipole 
^axis makes an angle a with the radius vector from the point charge. 


P 



Fig. 5.24. 
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Let charge g be placed at the origin O of the coordinate 
•ystem and the dipole is assumed to be 
placed in x-y plane. If r be the dis- 
tance of the dipole from O and 6 be the 
-angle which radius vector makes with 
the x-axis. The torque on the dipole 


r=pXE=>pX 


4Tceo 



^TSEor' 


or 


pXr 


PR 

4neor 


Fig. 5.25. 


sin 1 


Its direction will be J_ to the plane 

The total force on the dipole due 
given by 


consisting p and r. 
to non-uniform field 


£ is 


F=(p.V)E=(p.V);-^r. 

4 tC£q/‘^ 


Component of F along x-axis d 'dx+p, d:dy) E. 




„ >'-axis F, = {p^ d'dx~p, didy) Ey 
Components of E along x and ;^-direclions are 

E.^iqlAneor^) cos 6, Ev=(q lAvt^^r^) sin 6 
and that of p are p^^p cos (a+e) and py = p sin («+e), therefore 


5 r 


1 


+p sin (a-f 0) 


qx 


4neo L(;c2 +^2)6/2 
Similarly we have 


4 TteQ(x-=+/) 3/2 


cos (a-f e)_ 


3xy 


(x2-fj,2J6/2 


sin (a-f 0) 


Fy^ 




3x 

cos (« + 0 ) + ^--fLl^ (a + 0 ) J 


"y tance a, then 


In a particular case, if the dipole 


♦ 

IS on the axis of x: at a dis- 


F.^ (IpqlATteoa^) cos a and Fu^ipqlAne^^) sin „ 
ve sign s ows that the dipole experiences an attractive radial field 
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As a special case, if ««0. /.e., the dipole is along x-axis, Fy the 
transverse component of force becomes zero. For a^w/2, ^’**=0. 

Example 2. A short electric dipole of dipoie moment pi is 
placed in an electric field of another dipole of dipole moment pa at a 
distance dfrom it. Calculate the force and torque that pi experiences, 

when (a) pi 11 Pa and (b) Pi ± pa. 

The electric field along x-axis at a distance d from the dipole 
of dipole moment pa placed at the origin O is given by 


4Tt£a d^ 


and £y= 0, or £= 


_J ^2 

47560 



2p2 

475 60 ^^ 


Here we have assumed p 2 along x-axis. 

(a) The torque experienced by the dipole of dipole moment pi 
placed 11 to x-axis due to the electric field of dipole placed at 0 

r^piXE or £ sin 0»= 0. 



Fig. 5.26. 

Force experienced by the dipole of dipole moment ^ 

the electric field of the another dipole of dipole moment is giv 

by ^ 

f.- ( p. ^ r*- ( p* +<’• sj ) ^’ 

jlie — ve sign indicates that the force is attractive and along 
the line joining p\ to p 2 . 

lb) If another dipole of dipole moment pi is placed in such a. 
way that pi ± pa, the torque experienced by it is given as 

t=PiXE. 

In this case Pi=pi j and E=Ei- Therefore 

T=piEjxi= -pi E k= -(2pip2l4nEa(P) k- 

Thus Pi experiences a deck wise torque of magnitude 2pi 

4tccod®. 
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Electric field at dipole of dipole moment /> 2 , due to dipole of 
dipole moment px is given by 

“ 475 j p 2 is in broad-on position) 

Torque on p 2 , 'r=p 2 X E=/? 2 £i X j= - (/?lP2/4T^Eo^/■’Jk. 

This torque is again in clockwise direction. If the system 
consisting of two dipoles is free, it will experience a net clockwise 
torque of magnitude 3pi/72/4Keod^. 

Example 3. Two parallel plates have equal and opposite 
charges and are separated by a dielectric 5 mm thick, of dielectric 
constant 5 . If the electric intensity in the dielectric is 10^ Vim, 
calculate ; {a) The free charge per unit area on the conducting plate] 

(o) The bound charge per unit area on the surfaces of the dielectric 
(c) The polarization P in the dielectric, id) The displacement D in 
the dielectric and ie) The energy density in the dielectric. 

Resultant intensity E in the dic]eclric-=£o-£i, = (a- ct'I/eo- 

Polarizalion vector P— eot/c — 1 ) E 


= 8.85xKH2x(3_])iq8_I7 7 ^ 

Displacement vector D ---/. 3 X 8.8 '; X 10 '’’ 

= 26.5: fi C.nP. 

CiU Vector P is along E and thus X to rlic surface 

bound charge per univ area on the surfaces 

of the dielectric 


*=£n = £= 17.7 jx C nP. 

Similarly free charge per unit area i a [ ^d=\ 6.S5 p. C,nP. 
Energy density in the dielectric^ l/ceoi" 

= ix3x8.85x 10^=^ 

= 1 3.28 Joules nP. 

Example 4. If a dielectric is introduced between the plates of 

a parallel plate capacitor. Show that the induced charge varies with 

the dielectric as k= {I — n' q)~^. Also show that k-^oo'for a metal 
dielectric. 

Starting wnh the Eq. (20) of arviclc 5.5, we have 


cT'==a{l-l7c) 


or 


£= 1 ,( 1 -- 


a a 


In the metal dielectric, induce charge is same as that of the 
tree charge but of opposite sign, i.e., a=a, hence 

k= 1/0= 00. 
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JBumple 5. A dielectric slab of thickness b and dielectric 
eonstant k is placed between the plates of a parallel plate capacitor 
of plate area A and separation d. A potential difference Vo is applied 
with no dielectric present. The battery is then disconnected and the 
dielectric slab is inserted. Assume that A =*100 cm*, d=^LOcm, 
b^^O.50 cm, k=»7.Q and 100 volts, then calculate: (a) The 
capacitance Co before the slab inserted, (b) The capacitance C with 
slab inserted, (c) The free charge q, {d) The electric field in the gap, 
(e) The electric field in the dielectric, (/) The potential difference 
between the plates, {g) The polarisation P and electric displacement 
D in the dielectric and {h) The polarisation P and electric displace- 
ment D in the air gap. 


(a) Capacitance of the parallel plate condenser before the 
slab is inserted 


Co 


toA 


8.85 X 1 0-^^x l OOx 10-^ 
"" 1X10-3 

-8.85x10-^3 farad 

*-8.85 pF. 

(b) Capacitance with a 
slab of thickness b and 
dielectric k 



Fig 5.27. 


toA 


8.85X10-'*X 100X10-^ 


(rf-Z»+Z»/A:)’“(lXl0-»-0.5xl0-*+0.5X 
15.49X 10-*» farad-15.49 pF. 


(c) The free charge 

q -CoKo" 8.85 X 10-«X 100 

— 8.85X 10"^® coul. 

(,d) The electric field in the gap 


Eo 


8.85X10-^® 


Co A 8.85 X 10-^*x 100 X 10“* 
10* volts/meter. 


The electric field in the dielectric 


^0 


1^* 
7 


1428.6 volts/meter. 
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(/) The potential difference between the plates 



—{d-h) + 

eo 




q r , , , "] q 8.85X 

eoA k J” 15.49 X 10-12 


=57.1 volts. 


(g) The electric displacement in the dielectric 

Z) = ^eo£:'=7x8.85x 10-12X 1428.6 

*=8.85x 10-® coul/meter^. 

and polarisation 


£o(/v'- I)£= 8.85 X 10-12(7- I) X 1428.6 
= 7.59X lO'® coul meter^. 

(/z) The p.)larisation is zero in the air gap and the displacement 

i7o = /:eo£'o«lX8.85x IQ-i^X lO*! 

8.85 X 10'® coul/meter^. 

Example 6. An electric dipole of moment 2'>< 10~^ coulomb-meter 
is placed in a uniform field of intensity 7.5 X 70^ new tonl coulomb • 

(/) What maximum torque does the field exert on the dipole ? 

(//) How much work is done on turning dipole end to end 7 

We know that an electric dipole of moment p experiences a 
torque r when placed in an electric field E. If the dipole makes an 
«ngle 6 with the direction of £, then 

p £ sin 0 

It is maximum for 0=90°. Therefore 

£=2x 10-®x 1.5x10* 

= 3x 10-2 newton meter. 

The total work done in rotating the dipole from 0i to 0i is 

1*02 

1 p E sin 0 f/0 — 77 £ [cos 0a — cos 0il 

J0i 

present problem the dipole is rotated through ISO*. 
Thus by putting 0i=O° and 02= 180° in the above relation, we get 
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W'= -p E [cos 180°-cos 0°]=2/7 E 

=2X2X 10-®X 1.5X 10^=6X I0-® joule. 

Example 7. If a dielectric slab is partially withdrawn from 
between two charged parallel plates of a parallel plate capacitor^ 
calculate the force required to pull it. 

In order to calculate the force F, let us first see the effect on 

the stored energy of an elementary displacement dx of the slab. Since 

this displacement modifies the 
capacitance of the capacitor, there 
will be a change dq in the charge on 
the capacitor. If it is held at 
7 "*" constant potential, a work dW=Vdq 
is done by the battery. Thus the 
total change in stored energy in the 
capacitor 

dU^-Fdx+Vdq. 

We know that, the total stored energy per unit volume in the 
capacitor is equal to or if the capacitor is filled wit 

dielectric or the medium is vacuum respectively. If b is the widtn 
of the dielectric, / the lengUi and d the plate separation, then 

U^\z<^E^bdx-\-\tE^bd{l-x)==^\E^bd{tl~{t-to)x], 

where x is the length of the slab outside the capacitor. 

By differentiating this equation, we gel the change in U pro- 
duced by a small displacement dx of the slab. 

dU^ ~\E^bd{t — to)dx. 

We know that CTi(=eo£’) and a^i—zE) are the charge densities 
in the portion with no dielectric and with dielectric respectively- 
Hence the total charge on the capacitor plates 

q — (SxA\^ciA 2 —^QExb-[-z Eb(l~x), 

Change in q with change in x is 

dq^ tQEb dx — zEb dx = — (e — eo)Eb dx 

Since V~Ed, hence 

Fdx = — dU -f Vdq^iE^bd{t — co)dx—Ed{e — eo)Ebdx^ 
or F= — \E^bd{ E — £o) . 

Here — ve sign indicates that the force is in the direction of 
decreasing x. Hence force is required to pull the slab and is* 
independent of / and x. 
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Above relations also show that is half of the Vdq, hence 
half the energy contributed to the system by the battery is used in 
■doing external work. 

Examples. Find the electric field and polarization due to a 
charge in a dielectric fluid^ 

Let us consider a point charge q in the homogenous isotropic 
medium of infinite exiem and of dielectric constant k. If the point 
charge q was situated in a vacuum, the electric field would be a pure 
radial field. Since E, D and P are all parallel to one another at 
each point, hence the radial nature of the field is not changed by 
the presence of the medium. 

Let us apply Gauss’s law to a gaussian spherical surface of 
radius /•, at the centre of which charge q is placed. Thus 


A^eoJE. dS — q, 

/fEoI EdS^kzQ Anr^E’^q or E^qlAtiz^kr^ 
or vectorially E~(q lAneokr^)r 


and hence 


P = eo(/c-l)E=^^— ^r. 


Thus the field is smaller by the factor k than would ’ j the 
case if th'^ medium was absent. 

Example 9. If the negative charge in a hydrogen atom is 
uniformly distributed in the spherical volume of radius a { — 0.5'X 70“® 
cm) around the proton. Calculate the separation between its-'^ve and 
— ve charges and polarizability a, when the atom is placed in an 
electric field 30 kViem. Assuming that the sphere of negative charge 
remains undistorted. 


When the electric held is applied to the atom, the -[-vc charge 
(proton) will displace from its original position tthe centre of the 
atom). The sphere of negative charge will be the centre of the 
atom. As the negative charge is uniformly distributed in the 
sphere of radius a, hence the electric field at a point P, at a distance 
r from the centre (r<a) due to this charge distribution is given by 

1 ^ 1 l( 

Anzor^ 47^eo r^\^ a^ ) Anzoa^ 


If due 10 elcciric field the +ve charge is displaced to this 
point P, the field acting over this charge due to disfribulion of -ve 
chaige will be same as ihal applied by an external source. 

. . Separation r— 47ceoPtz®, e 


_ 4 X3. 14x8. 85X 10-^^x3 0x lO^xfO.Sx 

1.6X10-^® " 


«2.6x 10 meter. 
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This result shows that a large electric field (30 X 10® 
produce a very small separation of the order of 10“^® ; 
very small even in comparison of nuclear radius 10“^® m. 


Vim) caik 
which isi 


The dipole moment of this arrangement 

p^er^ I.6x 10‘"^®x2.6x 10*^®=4.16x 10~®® coul. meter 

n 4 1 V 1 n-36 

The polarizability ' ‘sQx 10 ®~ ^ 


Example 10. If half the space between two concentric con- 
ducting spheres be filled with dielectric of dielectric constant k and the^ 
rest is filled with air. Show that the capacitance of the capacitor thur 
formed will be same as if the whole part is filled with the dielectric of 
dielectric constant iU + k). 


If whole of the medium is filled with air and a is the surface 
density of charge, then the potential difference between the spheres, 
of radii a and b 




E. dr 



1 


47? en 


.2 


dr 



Fig. 5.29. 



Capacity C*=*charge/(Kfl-r*)* 


Va-Vt 



ab 

b—a 


When the medium is filled 
with dielectric constant i(l+^)»- 
then capacity increases to 
{l+k)C=2neo(l+k)ablib'-a). 


Now if half of the space is filled with dielectric k and half 
with air then in order to maintain the same potential difference 
between the spheres, the surface charge density over one half off 
the inner sphere will need to be ka and over the other half a. Thus 
the capacity, 



Total charge Ivja^ak+lnd^a 
p.d. (5a\b~a)ltQab 



ah 

b—a 


^Capacity when the space is filled with J (1+A:). 

Example 11. The surface separating two dielectrics ki and k^- 
has a surface charge density a. The electric intensities on the two 
sides of the boundary are Ei and E2, making angles 61 and 62 with the.- 
common normal. Prove that 


ki cot 62 *= Ati cot 61(1 — c/eoAri^i cos 61) 
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We know that the tangential components of electric intensity 
remains the same while crossing the common surface of two media. 
Hence, 

£i sin 01 =*£8 sin 02 or £ 2 '=£i sin 0i/sin 02 . ...(/) 

We also know that this sum of normal components of the dis- 
placement vector is equal to a, hence 

Di cos 01 — D2 cos 02^(J or kitoEi cos — cos 0i“a. 

ktEt cos 02 **^i£i cos 01 — a/ £0. ...(lO 

Substituting value of £ 2 , in this eqn and solving, we get 
ki cot 02^ ^1 cot 0i(l — a/eo/;i£i cos 0i). 

It is the required relation. 

Example 12. Prove by the method of boundary conditions that 
the field inside a spherical cavity with in an isotropic dielectric is given 
asEi=E+Pl3t^. 

Consider a spherical cavity of radius ^2 existed in an isotropic 
dielectric of infinite extent. Let 
the field intensity E< be constant 
everywhere and parallel to the 
original field E. Electric intensity 
at the points in the dielectric be 
assumed to be £ plus that due to a 
dipole of moment p at the centre 
of the cavity. At any point on the 
cavity, the tangential component 
of the electric field intensity is 
continuous. Therefore. 

£i sin 0«£ sin 0-(p/47Ceoa®) sin 0. 

Another boundary condition 
that the normal component of Fig. 5.30, 

electric displacement is continuous, gives 

eoEi cos 0=eo/r£ cos 0 + £o(2/7/47?eoa®) cos 0 

Eliminating pla^ from these equations, we get 

Ei‘=\{k-\-'l) £, 

At points far away from the cavity the polarization P is cons- 
tant and is given by 

i)-ycEo£=EoE+P. 

* • Ei^aE+i{E+Pl to) ^E+Pl3eo. 

It is the required relation. 
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Example 13. Calculate the electric intensity at any point on the 
axis of a uniformly polarized bar electret. 

Let us consider a long cylindrical bar of dielectric that is 

uniformly and permanently 
polarized with the constant 
vector P parallel to the axis. 
The surface densities are 
o=P and-a = “P at the 





9 




0 


ends of the bar. The value 
of E on the axis of a unifor.- 
mly charged disc of radius 
R at a. distance x from its 
centre is given by 

E^{al2to) [l-xl(x^+Rn 

Thus the field E due to charges on the discs A and B at a 
point Oi inside the bar at a distance x from the — vely charged disc 
A is given by 


( 1 2 ^ JL^f 1 "i 

2eo \ V{x^+R^) } 2eo \ J 

As cos ^i^xl(x^+R^y'^ and cos 02=^{L-x)l[{L-xy +R^y’^ 

— P/eo+(P/2eo)(cos 0i+cos 62). 

When point Oi is outside the bar, i.e., at O 2 at a distance x' 
from O, we get 

1 Pf . X'-L \ 

2*0 V V(x'a+p8);+26oV a/[(x'-LP+P2]J 

— (P/ 2 eo)(cos 01+cos 62). 

Field at point O, the centre of disc A, is 





-=-(P/2eo)(l+p2/2L®). 


Example 14. Find expressions for electric potential and field 
intensity in all the regions due to a uniformly polarised spherical shell 
of inner and outer radii a and b respectively. 


We know that the density of polarisation P is equal to the 
4ipole moment per unit volume. Hence the dipole moment of 
a uniformly polarized sphere of radius a is fica^P. Electric 
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potential and field outside the polarized sphere are identical with 
those due to the short dipole of 
moment P assumed to be placed 
at the centre of the sphere. 

Vq at a piont P(r, 0 ) 

>= P cos 0'4:^eo/*^ 

= cos 0/3Eor^. 

Potential at the inner point 

— cos 6/47tEo = Pr cos 0,'2£o. 

In our problem P is directed 
along z-axis. The electric potemial 
and field will be computed by subtrac- 
ting the contribution due to inner 
sphere from the contribution due to 
whole sphere of radius b. Henc 



Fig. 5.32. 


e 


{i) At the outer point P {r>b) 




3eor^ 


3£or^ 


3Eor 


and 


and 


2P cos 0 , 3 3 , 

Hence £r= —- 5 — = — ^ — r- ib^ — av 

Or 3eor 


Ee= - 


]_dV PsinO 


3£o^ 




(a) At the point inside the dielectric (a<r<b) 

Pr cos 0 PeP COS 0 P cos 0 


v=yt-Va-= 


3eo 


3£or 


2 


3eo 


r— 



„ dy P cos 6 

Hence £r= -t- — - 

Or 3 £o 





£0=- 


1 dy p sin 0 


['- 1^1 


r dr 3eo 
(///) At the point inside the inner sphere (()</■ 


a) 


3£o 


3eo 


Hence Er=0 and £e — 0. 


Example 15. If all the molecular dipoles in 0.1 cm radius 
drop of water are pointed in the same directiony calculate {a) the 
intensity of polarization and {b) maximum field strength at the point 
20 cm away from the drop and at the surface. Given that the dipole 
moment for each molecule of water is 6x10^^^ coulomb-meter. 
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From the hypothesis of Avogadro’s 18x10*^ kg of water 
must consists 6.023 X 10®® number of water molecules. Hence tha 
number of molecules in a drop of radius 0.1 cm and thus of weight 
fTC(0.001)®x 10® is 6.023 X 10®®X t:c(0.001)®X 10®/18 X 10"®*= 1.4x 10*®.. 

As all the dipoles are pointed in the same direction, hence the 
dipole moment of the drop 


P^IAX 10®«x6x 10-®®=8.4x 10-'® coul meter. 

(u) Intensity of polarization*^ dipole moment per unit volume 

= 8.4x 10-'®/tTi:(.001)®=0.2 coul/m*. 

(Z>) Maximum field will be at the point on the extended dia- 
;eter along the direction of polarization, hence 

^ 2p 2X8.4X I0-'®X9X 10® 


An to r® 


[20X 10-®]® 


— 1 .89x 10® newton/coul. 


At the surface £•= — 

Antoa^ 


1X8.4X 10-'®X9X10® 
[0.1 X 10-®]® 


-1.51X10'® NIC. 

Example 16. Calculate the average radius of the atom of an* 

0*7 polarizability of atoms in the air molecules fr 

y.7X/0 coul. m^lvolt. Also compare this result with the relative 
displacement of the nitrogen nucleus and electron cloud at a field' 
strength 70® voltjm. 


know an important relation between polarizability a and 
the radius R, ^ j 


a*=4Tceo7?® or R=^[^l4ntoV'^ 

/. i?=(9.7x 10-«X9X 10®)i/®=9.6x 10-11 meter. 

If X is the relative displacement of the nitrogen nucleus and 
electron cloud, then the force due to electric field is balanced by 

the electrostatic force and we have 




(Ze) (Zex^lR^) 
Antox^ 


or 



AneoR^E 

Ze 


a£ 9.7X10-^X3X10® 




7x 1.6x 10-1® 


= 2.6x 10"^® meter. 


Example 17. The polarizability of NH^ molecule in gaseous 
statCifrom the measurement of dielectric constant, is found 2.5x70“*® 
coup m{N and 2.0x 70“®® couP mlN at temperatures 300° K and 400°K 
respectively. Calculate the contribution to the polarizability because 
of deformation of molecules and the contribution because of permanent^ 
dipole moment at each temperature. 
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From Langevin — Debye’s theory the total polarizability 
a=ai (due to deformation) +«» (due to permanent dipole) 
=i)‘i+p*/3/rr=ai+)3/r. 

2.5X 10-3»=ai+i3/300 
and 2.0X 10-3»=ai+j8/400. 

Hence i3=6x IQ-^’ and «i=0.5x 10-8'’C=“ mjN. 

Polarizability due to permanent dipole at temperature 300°K 



6X10-3’ , 


10-39 


C* m:N 


and at 400°X aj=6x 10-3’/400= 1.5X lO-®" C\mlN. 


Example 18. Find the potential and hence the electric intensity 
due to a cylindrical conductor placed in an uniform field with the 
Laplace equation. 

Consider an infinitely long uncharged conducting cylinder 
of circular cross section placed in a uniform 
electric field £o with its axis ± to the field. 

If a be the radius of the cylinder and the 
field Eq is along x-axis. It is clear from the 
symmetry that the potential is not a function 
of z and thus the problem is two dimensio- 
nal and can be written in the form of polar 
coordinates r and 0. 

At a very large distance from the origin, 
the potential must be — £o^= “£'or cos 0. 

Thus boundary conditions are 

—EqC cos 0 for r^co 
=0 for r—a. 5.33. 

To find a potential function at a point P outside the cylinder, 
wc must add second term consisting of first power of cos 0 and satis- 
fying the Laplace’s equation V'‘“L'=0, or 

5 ( dV\ 1 d^V 

• (in two dimensional case) 

Thus the potential function must be of the form 

V— ~Eor cos 0 + (^/r)cos 0. 

The second term becomes zero at very large distances, and 
1^0 at the surface of the cylinder, i.e., at r=a, hence A^Eoa^^ 
Thus we get the relation 
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—£*0 r cos 0+(£oC(®//‘) cos 6. 

— -(1 —a^lr^) Eor cos 0. 

The first term is potential of the external field and thQ second 
term is as due to an extended dipole consisting of two parallel lines 
of positive and negative charges close to the z-axis, 

The components of electric intensity in the directions of incre- 
asing r and 0 are 

f— i+-^)ir.ccse 

The charge surface density (charge per unit area) of the con- 
ducting surface is 

{Er)r^^,^2keo Eo cos 0. 

If the cylinder has a charge A per unit length, then 

The second term increases Er and a. It is left as an exercise. 

Eaxmple. 19. Find the electric field due to a point charge <l 
placed inside the sphere of zero potential 

Let a be the radius of the earthed sphere and /be the distance 
from its centre to the point A at which charge q is placed. Let A* 
be the inverse point of A. Hence 

OA.OA'^a^ or OAja^alOAl 

Thus A OAF and A OA’ P are similar and hence 

FAlPA=aKa^lf)=fla, 

Let^' be the charge placed 
at point A\ As potential at P is 
zero, hence 

qlAP^q^lPA’=^0, 
or q‘^~q PAlPA^-qalf. 

Thus the electrical image 
required is a charge -qaj f at point 
A* and the system is equivalent to a 
charge -\-q at A md-qalj at A\ 

Electric intensity at point P due to charge ^ at ^ 

AP=/ (AO+OP) 

Aneo AP^ 47teo AP^ 
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and due to charge —qaj / at 


1 qa PA 


1 


qa’ 


E 


f iPA')^ 4v:eo fiPA')^ 
Resultam intensity at point F 
q FAQ OP a PO a_ OA^ 
4r;to\_AP^'^AP^'^ f {PA'f'"' f iPA') ^ 

q r£pf wxp , aloa'( 

f\PA') F AP^l f Oa[ 

^ l~ r\n r k ry r Cl f Cl 

‘“■1 ^TTVT 


(PO + OA) 


An 


AF^ 


l- 


4F 


EO 


p 

cP 


OP 

AP^ 


q a^-f^ ' 
4tc£o aAP^ 


A 

where n is the unit vector at point 



AF 

FA' 


V( f 


a 



r^ 




Hence the surface density of induced charge on the sphere 

cF-p 
An a AF^ 


Force between the charge q at A and the sphere 

ill _ ^ qi-qa f ) 

^ Anzo AA'^ Anz^{cFf~fF 

^ __L_ ■ qW 

Anzo 

Here-ve sign shows that the charge is anracted by the sphere. 

Example 20. With in a spherical hollow.' earthed conductor 
equal point charges q are placed at equal distances /from the centre on 
the same diameter. Calculate the force between them. 

Let us consider points A and .6 at a distance / from O on both 
the sides. To make the potential of the sphere zero, we have to put 



Fig. 5.35. 

charges ~qa!f at points A' and B\ A' and B' are thus the electric 
images of charges at A and B respectively, 
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Force on A due to all charges 
1 giqa) 1 . , 1 q* 


4neo / {AA‘) 


2 


2 


a 


+ 


i+ 


1 


47teo (AB)^ 


1 — 


1 1 


a 


1 


^^^oLfiAAT^iAB)^ f (B'A)^, 



2 


47i;eo 


^ 1 I 1 

/ f-f + (2 / )“ 

4a^f 


a 


1 


/ (a^lf+f) 



f 4a^ 
{(a‘- 


8 


+ 


1 


/4)2^ 4 / 



Example 21. ^ /joi/u charge q is placed at a point A at a 
distance f from the centre of an insulated conducting sphere of radius 
Calculate the charge required on the sphere in order that 
the line of no electrification may be inter section of the sphere by the 
polar plane of A and show that the numerical ratio of the greatest 
-ve and-hve surface densities of charge is [(f+a)'{ /-a)]®'®. 

We know that the polar plane of A is the pkane J_ to OA and 
passing through its image A\ When this sphere carries a total 
charge Q, it can be considered to be concentrated at centre <9. As 
the sphere is insula ed, the total induced charge will be zero. This 
condition can be satisfied by a uniform distribution of the charge 
^a/ / o^r the surface which can be assumed as concentrated at 
centre O. Hence field at any external point can be considered as 

due to three point charges g+^a//, —qajfandq at points 0 ,A* 

and A respectively. 



Fig, 5,36. 

Similar to an example 19, one can prove that the surface 
■charge ^^^sitv on the sphere due to charge q at A and —qalf at A* 
is^q(j —a)j4na AP^. According to the problem, charge Q is 
or such a value that the circle through P and J_ to OA (dotted 
■circle; becomes non-electrified. Thus 


ai»“0 


_ g(r~a^) 

4i^aAP^ 


+ 


1 


0 +— 
4na*L^^ / 
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or 


Greatest negative and positive surface densities are at points 
D and C respectively. The surface density of charge at B 


— 




+ 




w* ' / J 


Substituting value of Q and solving, we get 


OB 


47CijL {f~aY {f+aY'^ J 


Similarly ac= — + 


AT^aiACf 4na^ 



_ q_ r 1 

Hence obIoc— — [( f+a)!( f—a)Y‘^, 

Example 22. Calculate the capacity of a charged spherical 
conductor of radius a at a distance ^ d from an earthed conducting 
plane of infinite extent. 

Let AB be the inrmite plane in front of wliicli a small sphere 
of radius a is placed. In this case we mu^t make use of an iidinite 
series of images. First suppose a charge qi placed at the centre O 
of the sphere. Due to this charge the surface cf the sphere remains 
equipoten' ial, but the surface of the plane is not equipotential. 
Add a charge — ^ 1 , the image of charge to get the plane surface 
equipotential. As sphere is mt equipotential now, add charge ^ 2 , 
the image of — ^ 1 , in. the sphere. This restores the equipotential 



■character of the spherical surface but disturbs that of the plane AB. 
Addition of the image —q^ of 92 in the plane makes the plane an 
equipotential surface again but disturbs the potential over the 
Continuation ot the process gives us the desired state in 
which both the sphere and the plane are equipotential surfaces. 
Ihus the total charge on the sphere is Q^qx+qi+qt+.. and the 
■charge on the plane is --Q= -qi-qi-q,... 
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Distance of —^1 is d from ihe centre of the sphere O. Its- 
image charge will be q^^aqild at a distance a^jd from O. Thus 
its image Will be a charge -q 2 at a distance d{l-a^ld^) from 0, 


qz= 


aid 


q2 = 


a 


Id^ 


qi at distance 


a^ld 


from 0. 


m 


l-m 


1-W 

Using one can write in general that charges qu mqu 

m^qil(l-m^), are placed at the 

distances 0 , ma, niaKl-m^), respectively 

from centre 0. 

r »„2 

Total charge Q=qi l+m + 

+ . ] 

(1 ~ m ^) [1 — W 2^/(1 — m ^)] J 

= ^i[l+m + /?2®+;w^+2w^+3w^+......]. 

As q\ is the image of the potential of the surface of the 
sphere due to this pair of charges is zero. The same is true for 
the pairs ^3 and -^ 2 , ^4 and - 93 ... etc. Hence the potential of 
the sphere is due to the charge qi at the centre of the sphere 
alone and is given by 

i qi 




47 Teo a 


Potential of the plane AB is zero, as equal and opposite 
charges are symmetrically placed on its both sides. Hence the 
capacity of the sphere relative to the earthed plane is 

C=Q/K==47:eocr[l +m+tn‘^+m^+2m^-\- ] 

Example 23. Calculate the caapeity of wo infinitely long 
straight parallel wires of radius a, one has charge A per unit length 
and the other an equal negative charge. 

Let us consider two parallel wires intereecting the plane of 
paper at O and O' and having charges A and —A per unit length. 





Fig. 5.38. 
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respectively. From symmetry it is clear that 
point P depends only on the distance of P fro 


the potential at any 
m the wires. Hence 



log« r+ 





This relation makes the potential zero midway between the 
two wires for each point of which r=r'. 

Equiputential surfaces are corresponding to 


r^—2rd cos B+d- 


- (constant) 


or r^-\-2r cos 6 dl{m^—’\)—d^l{m^—\). 

Transforming to rectangular coordinates with O as origin, 
x=r cos 0 and j=r sin we get 



ni^d'^ 


This is the equation of a circle of radius mdl{m- — \) 
centre [—<//(rM^“l). 01* Thus equipotential surfaces are cylinders 
of circular cross-section. We may assume surface of the wires as 
equipotential surfaces. Hence radius of the wire 

1 ), 

and the distance between the axes of the two wires 

b=d-\-2dl(m^— \)={m^-r\)dl{m^—l). 

Eliminating d between the above two relations, we get 

b (m^ + 1) 2 f. _i_ r\ 4^2) 

— = , am^--bm+o=0 or ^ ^ 

am 2a 


Positive sign corresponds to 4-veIy charged wire and — ve sign 
corresponds to the negatively charged wire. Hence the potential of 
the negatively charged wire 




and that of the — vely charged wire 

Tr ^ 1 ^ 

Vr=^ loga 


2Tce 


27r£ 


loge 


0 


la 


Potential difference log* ^ 

0 


A 

27ce 
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Capacity per unit lengths — 





b-V(b‘'-4a^) 



Example 24. If conductors A, B, C, Z), , where C com^ 

pletely surrounds A and B only, are charged and then A and C are 
connected by a thin wire, show that the charge remaining on A bears 
constant ratio to the charge on B. 


Thin wire 



Let the charges on the conductors A, B, C, D, be qi, q%f 

^ 3 , ^ 4 , , respectively. As the conductor 

C encloses A and B, hence 

Now suppose that there is a unit 
charge on D and all others have zero charge, 
then 

Z^43“1^42~i^41* 

Fig. 5.59. Similarly /> 5 i» etc. 



When a conductor A is connected to C, the charges q^ and q% 
are distributed, let new charges be qf and qf on these conductors 
and the charges on other conductors remain the same. 


<}> A —pnqi +Piiqi+P9iqs +P^itlA+ 
^o^Pi^qi +P29qi+Psiqz +PAiqA+ 


Let the new potential of 4 or C be hence 

<pA=<f>o=^ or <f>A — 0 



qi( Pn—Piti+q^i Pti—ptz)+q9i Pti—Ptt) ^ . 

+ ^4( P41~P48)+**""^ 

qii Pn—Pi9)+qi(Pn-pts^='^- 


charge remaining on A ^ Pti—Pn „ 

•' charge on B Piz—pn 

As we know that the coefiScients of potential depend only on 
the shape and size and geometrical positions of the conductors, 
hence the above ratio is constant. 

Example 25. If three equal spherical conductors are placed at 
the corners of an equilateral triangle and raised to potential <f>i, ^ 2 * 
Show that the energy of the system is reduced by — 

where JV is the energy of the system when 
the potentials are 1, —I and 0 respectively. 
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Since the three spherical conductors are equal, hence the 
coetncients of capacitance are equal. 


(say). 

As these are placed symmetrically, 

hence the coefficients of inductance are 

equal. 


^ 12 =^ 18 =^ 28 =^ (say). 

Thus the relations between the 
charges and potentials are 


^i~qii<l>i~Tq2i<f>2'rqii<l>i=^a<l>i+b(l>2^b<f> 

^i"^^x2^i+q22^i-rq32^a=b<f>i-'ra<fj^-\-b<f> 

and ^8 = '?13<^l + ^fa^9 + (?83^3 

=^b<f>i+b<f>2+a<l>z- 



Fig. 5.40, 


Hence total charge ei+e2+e3-(a+26)(^i+<^a4-^,). 

Initial energy of the system l^i=K^’i<^i+^ 8 ^ 2 +^ 3 <?^ 3 ). 

= M^(^lH9i3^ + ^3^) + 26(^,03 + 9^2^8+<^3<^l)] 

Energy, when the potentials are (I, —1, 0), is given by 

f^=■Kfl(l'rl+0)^-26{Ix(-l)+0 + 0}]=d^-^). 

When the conductors are interconnected, the charge distribu- 
Jion changes while the total charge remains constant. Let e\\ 
^nd ^8 be the charges on the conductors A, B and C respectively 
ana <p be the potential of each conductor. In this case 


~a<f>’]rb<t>-\rb<f>=^{a-rlb)<t>=e^' ^e^ . 

+ ^z ~^(a-{-lb)4>=ex+et-\-e^, 

3((3+ 2b)^~{a+2b){<i>x-\-4*2'\-^^ or 
Energy in this case W2=\[ex'<l>^-e2'<i>+€2'4>^-=^l{a+2bW 


—\ia-\-2b){^x-{'<i>%+4>zy^ 

Loss of energy 

+ (^8— ^l)*] 

Example 26. Positive and negative charges of same magnitude 
are situated at two points A and B The line offeree that leaves A 

at an angle a with AB meets the plane, which bisects AB at right 

angles at point P, Show that ^ 


sin sin UPABf 
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Let Q be any point on the line of force, Bi~ Z,QAB and ^a= 
/_QBX. Then as Q-^A, 
and 0a->-7r. The equation of a line 
of force is then 

q cos 0^—q cos ^ 2 =const. 

=9 cos a+^ 

or cos cos 02 =cos a-fl 

=2 cos^ 

At point P on the bisecting 

plane 

Oi=APAB==B and di-=APBX=7t-6. 

/. cos 0 — cos (7t — 5)=2 cos* Ja, or cos ^=cos* ice 
1 — 2 sin^ ^^=1— sin* or sin ^ct=y'2 sin 

Example 27. Positive and negative unit charges are situated 

at two points A and B. Find at what distance from AB the plane 

normal to and bisecting AB is cut by the lines of force which issue 
from A in a direction parallel to this plane. 

Proceeding as in the above examole with the difference that 
a=7c/2 and q=\, we have the equation of lines of force as 

cos ^ 1 — cos ^ 2=1 



For point P, cos cos (tc 




or 


cos or 0=60®. 


OP=OA tan e=OA\/3={V^I2) AB, 

Example 28, yjf three infinitely long thin wires whose charges 
per unit length are 1)^2, 1 respectively^ cut a plane at right angles 
in collinear points A, P, <3^ where AB=BC=a. Prove that the equa* 
tions of the line% of force in this plane is r*=e 2 * cos (2^+ct) sec 
where P is the origin with BC as axis and a a variable parameter . 


The equation of line of force is 

— 2^+08= const. 

or {6x~-Q)—{e—6^=C, 

If (x, y) be the cartesian coordinates 
of point P on the line of force with charge 
point B as origin, then 



and 



or fii=tan 


-1 y 


a+x • 


— = ^ 


a—x 
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and 


or 


5=tan“^— ' 

X 


^ A 

X 

Thus equation of lines of force is given by 
ftan"> tan-i ^ 


tan 


tan-^)-(tan-‘^+tan-‘ 

-if yl(a-\-x) — vjx 
L \+y^lx{a+x) 

tan-» la'^xyi [a^x- -(x^ -f- ■^,2 )2 -^ 2 ^ 2 ] == (j 
Using relations x=r cos 6 and y=^r sin 6, we get 


a~x 


=C 


J L 


c 


tan 




sin 26 / tt \ 

cos 26-r^ \ y “ J 


the answer replaced by (7r/2-a) in order to get 

me answer m the proper form. Above relation thus reduces to 

cos 2^— r* ^ 


cot a 


or 


r--a^ cos (20 -fa) sec a. 


Oral Questions 


1. 


2 . 


3. 


Which of the following are polar moiecules ? 
Hg. O 2 , HaO. NO, N 2 O. HO, NH 3 , COa. 



5. 

6 . 


7. 

3. 


A diele:tric block (Fig. 5.43) is 
uniformly pohi.jzed. If -he polariza- 
tion IS P. find the pJiarizati- n charge 
density on the f ces i, 2 and 3. ’ 

What are the values of P and X for a 
metal as a p >larizable body ? 

At ihe boundary between two dielec- 
t'lc mjieridls, bhow that although 
lines L)f D are Continuous the magni- 
tude of D in different media is gener- 
ally different. G.ve the condition 
when magnitude of D is Same in both 
the media. 



Fig. 5.43, 


rays'^^^ExpIai^Q**^*^ displacement is alike 


to the li^ht 


rt°atio^r 7 correctness of the Classius-Mossotti 
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9. Should the dielectric constant of the mercury gas be close to the liquid 
metal (r^oo) or be close to the gas (^1) ? 

10. Why the lines of flux do not strike the dielectric normally, similar to 
the metal surface ? 

11. What do you mean by electrical image ? Give its uses. 

12. Correct the statement-conductor behaves like a dielectric. 

Problems 

1. A line of charge density X per meter is placed along the 
r-a^is and a short dipole of diL-ole moment P is kept at a distanced 
from it. If the axis of dipole lies in the plane containing the point of its 
location and the z-axis, calculate the couple and the translatory force on the 
dipole. 

2xp sin 2\p cos a/(47c=o<^“) towards the line charge^ when a is 

the angle which dipole makes witfi the direction of line charge, 

2. A dipole of dipnie mpraent 3 X 10"3o coulomb meter is placed at a 
distance of 10 A. U. from a oucl-us of charge 5 electroaic units. Calculate 
the force and torque experienced by the dpole. when it is placed 
radially to the nucleus with its negative pole towards the nucleus and (b) when 
p is perpendicular to r. 

(a) Fr=4J2x 70-11 Mt., Fe^O. t = 0 

(b) Fr=0, Fe^-^./dx 70-11 t = 2./6x 70-^0 Nt. meter. 

3- A dielectric slab of thickness 0.5 cm and dielectric constant 7.0 is 
placed between the pi tes of a Parallel nla^e crpiciror of plate area lOOcni- 
and separation 1.0 cm. A potential difference of lOO volts is a'lpbed with no 
dielectric slab. The battery is disconnected and the dielectric slab |8 
inserted. Calculate E, Dandp, (a) in the dielectric aod (b) in the air 
gap. 

(a) L43xlQ^ volts/m, 8.9x10^^ Clm^, 7.5x 70*8 Cjm^-. 

* (b) l.OOx 704 voUsfm, 5.9 x 70-3 c!m‘i, 0. 

A sphere of radius a is polarized ; long the radius vector so that 
r<=>kr. Find the volume and surface charge densities. Show that the tolaj 
charge is zero. (— 3fc, ka) 

5. A region between the plates of a parallel plate capacitor is filled 

with a dielectric slab of dielectric constant k aod of thickness d. The capacitor 
is first connected with a pd V and then disconnected. If now the dielectric 
IS partially withdrawn in the direction of length / of the plaie through a 
distance l—x, calculate the pd across the capacitor. k/K/fl+Ck— I mJ 

6. A p.arallel plate capacitor is filled with three dielectrics having 
dielectric constant in the ratio 1:2:3. All the three dielectrics and plated 91 

the Capacitor have equal area. Thickness of the dielectrics is in the ratto 
6:2:1. Calculate the capacitance of the capacitor thus formed, if the 
combined thickness of the dielectric is less than the distance between the 
plates of the capacitor. £o'^/[(^ — 6/)+25r/6«j. ^ 

7. A spherical drop of water carr>ing a charge of 3xl0"ti coulomb 
has a potential 500 volts at its surface. What is the radius of drop ? It two 
such drops of the same charge and radius combine to form a single drop* 
What is the potential at the surface of the new drop So formed ? 

(0.54 m/H. SAOvoltsl’ 
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8. A conducting Sphere floats half subnierged in a liQuid dielectric of 

permittivity ej. Above this liquid is a gas of permittivity e^. if the total 
free charge ou the sphere is q, calculate a radial electric field satisfying all 
boundary conations and find the free, bound and total charge densities at ail 
points on the surface of the sphere. £'=0/27u(ei +e.>)r2^ 

9. A point charge is pace J at a snail distance c from the Centro 

of a spherical civity of raiius a in an infinite dielectric. Show that t! e 

charge experiences a fore app oximat-ly equal to 2{k — \)q~cl{lk-^i)a^, away 
from Centre. 

10. If the space between conce uric conducting spheres of radii a and 
b{a<ib) is filled with two dielectrics of constants ^ aito their common 

surface being a concentric sphere of radius c, find the capacity of the capacitor. 

abcl[bk' (c — Q)-\-ak{b~c)'\ 

11. The space between two concent'ic conducting sphere'^ is filled on 

one side of a diametral p’ane with dielectiic of constant k and on 

the other side with die'ectnc of constant k' . The inner sphere 

is of radius a and has a charge q- Show that the force on it perpendicular 
to this diametral plane v ik~k.')q !2{k~\-k'y~a-, 

12. A flat disc »ype cavity has be^n rnade in a uniformly pdirjzed 

sphere with its bases perpen^'icular to the polarization density?, ihe thick- 
ness of the 'cmoved di'-c may be taken small in comparison with ics f ice 
area. Calculate the elecrric field inside this cavjty. (2 p/3eo) 

13. Dielectiic constant ol helium at N.T.P. is J, 000071. What is the 
atomic polarizabiuty ? How much is the dipole moment per hetiuin atom 
when the gas is kept m an eL-ctric fi.ld of 1500 voIt/-cin ? Take the 
Avogadro’s number as 60 x 102^ per grn. mole. 

2.2 X l0~3i j I X 10“-* stat-coul. ern^ 

n. An elementary dipole of strength p is placed at a point P, outside 

and at a distance r from the cemre O of an eothd conducing sphere of 

radius R. The axis of the dipole is in the direction OP. Prove that its 
imaee s\stem consists of a point charge pR/r- and a dinole strength pR2/r3, 
both situated at the point P' which is inverse to P in the sphere. 

15. If a di. lectric sphere of dielectric constant /r is placed in a uniform 
field Eij in Vacuo n. Prove (hittne field out'idethe sphere is equal to the 
field Eo plus a term due to a dipole at Hie centre of ' e sphere whose moment 
is equal to the total polarization of ihe sphere. 

16. Show that tht.* field inside a cylindrical cavity in a dielectric of 
constant k is pkKk-\-\)] Eo> when the axis of the cylinder is at right angles to 
a uniform field Eo. 

17. A spherical Conductor with charge q surrounded by a dielectric 
of constant k is fcubjected to a uniform external field Eo- Fmd ihe stress on 
the surface and the total force on the sphere. 

Cos qEo 

1 u ^ conducting cylinder of radius a, be::ring a charge >. per unit 

length IS oriented paralkl to a grounded conducting plane of infinite extent 
The axis of the cylinder is at a distance d from the plane. Find the positionof 
the line image and find also the con^^tant fn in terms of a and d- 

m = d/a‘^-\/[{dla)~ — 1], image at dim^ — l)/(/W“ + I) 

• c w A P '3 oriented normal to and at distance from aa 
innnite conducting pi me. The plane is grounded. Calculate the force exerted 
on the plane by the dipole. attraction^ 
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20. Two equal Sphere^ each radius a are in contact. Show that the 
capacity of the conductor so formed is 87520 a log, 2 . 

V’ ^ conductor is formed by the outer surfaces of two equal spheres, 

the ande between the radii at a p )iat of iQtersectioo being 120®. Show that 
the capacity of the conductor so formed is ( 5^/3 — 4) a/2\/3, where <7 is the 
radius of either sphere. 

22. A line charge x per unit length is nlaced Parallel to and at a dis- 
tance frocn the axis of a long circular solid cylinder of uniform dielectric of 
constant A:. The radius of the cylinder is a ( <rf). Show that the line images 

can be found to determine the electric fie'd and that there is a force of attrac- 
tion between the line charge and the cylinder of amount 

k—l . , 

23. If « conductors in space be connected together by wires, prove that 
me capacity of the comoound conductor thus formed is Sqrri-lEqrs, In the 

first summation r has values from I to « and in the second r and 5 are from 1 
to n but r:^s. 

1 equal spheres are placed at the comers of an equilateral tri- 

angle. When their potentials are 0, 0, their charges are e, and e* respec- 
tively. Show that, when each sphere is at potential each sphere has a 
charge ^ ' 

25. Three insulated spherical conductors of the same size are placed at 
u .equilateral triangle whose sides are lar^ie in comparison wife 
ne radii of the spneres. If ths conductors are then touched in turn by another 
small Charged spherical conductor, show that the charges they receive are in 
geometrical progression. 

charges e.— e' and -e' are place t at O, A and B respectively, 
wnicn arecolhnear in such a way that OA^OB. Ife>2e\ show that the 

greatest angle which a line of force leaving O and entering A makes with OA is 
a, where e sm^ ® 

. positive.Q lint charges and ^2 are placed at the points ^ 

whi iT V that the tangent dt infinity to the line of force 

r /f niakmg an angle a with BA, makes an angle 2 sin"^ 

t V sin Ja] with B/i and passes through the point C in such 

that AClCB=e^lei. 

nnit inhoiie parallel straight lines, with charges q^ — qj2, — qjl per 

If arJIa^* plane of paper perpendicularly at A, B, C respectively, 

j r prove that the lines of force reaching after having c^as^ed in- 

e iQitely clo^e lo the equilibrium point make with 5CaQ an^Ie BAC, 


\i 
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6.1 CURRENT 

In electrostatics we have been concerned with stationary 
^ electric charges. If a free charge is placed in an electric field it will 
be acted on by a force and will move in the direction of lines of 
force. In an isolated metallic conductor, the free electrons present 
in it are in random motion like the molecules of a gas and the net 
rate at which electrons pass through any hypothetical plane is zero. 
If the ends of the conductor are connected to a battery, an electric 
field E will be set up at every point with in the conductor. This field 
will act on the electrons and will give them a resultant motion in 
the direction — E. This flow of electrons constitutes an electric 
current and the strength of electric current also known as currmt is 
defined by the rate at which charge passes through any specified 5wr- 
face area {i.e„ i^qjt, vihtVQ ^ is the net charge passes in timet)* 
It is a scalar quantity. In SI units its unit is ampere, the coulomb 
per second. It is also the practical unit. If the rate of flow of 
charge with time is not constant, i.e. the current varies with time 
then at any instant i current is defined as 

i^dqldt. --(I) 

The current i is the same for all cross sections of a conductor 
of non-iinitorm cross-sections. Similar to the water flow, charge 
flows faster where the conductor is smaller in cross sction and 
f slower where the conductor is larger in cross section, so that charge 
rate remains uncharged. The direction in which the positive charge 
1 * will move in electric field is taken as the positive direction of 
current. Since the electrons are negatively charged, hence their 
direction will be opposite to that of the conventional current flow. 

In metals the charge carriers are electrons. In electrolytes or 
^ in gaseous conductors the positive and negative ions travel in oppo- 
site direcdons. As the positive ions move slower and electrons, 
he negative ions, move faster, the net motion of charge is due to 
negatively charged electrons. This type of current is known as 
conduction current. Liquids and gases may also undergo hydrodyna- 
niic motion, which will produce currents, known as convection 
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currents. In this chapter we are not going to discuss convection 

currents, which are important in atmospheric electricity and in 
vacuum tubes. ^ 

6.2 CURRENT DENSITY, EQjUATION OF CONTINUITY 

Current is a characteristic of a particular conductor, like the- 
mass, volume, etc. of an object and hence is a macroscopic quantity* 

A related microscopic quantity is the 
current density. It is denoted by a 
vector j and is a characteristic of a 
point inside the conductor rather than 
of the conductor as a whole. It is 
having direction of the flow of posi- 
tive charge and a magnitude equal to 
Fig. 6.1. the current per unit area through an 

infinitesimal area normal to the 
direction of current flow. It is measured in amperes/meter^ or 
coulomb/meter^ X sec. If the current is distributed uriifornily» 

the magnitude ofj for all points on the cross sectional area 5 is 
given by j^ijS. 

The current through any small area is given by A/=i. A^* 
The current through AS is the same as through the area A*^ cos & 
perpendicular to j. Thus for large areas, we can write 

i=isydS. ,..(2) 

The value of the integral is 
independent of the shape of surface 
taken. The relation {2) shows that 
the current is the flux associated with 
j and is a scalar because the inte.,ral 
j.dS is a scalar. The arrow often asso- 
ciated with the current in a conductor 
does not indicate that the current is a 
vector but shows only the sense of fig 5 2 , 

charge flow. Current is not a vector 

quantity as it does not obey the vector laws. It remains unchanged if 
the wire is bent, tied into a knot or distorted. When j remains 

constant every where the current is known as steady or stationary 
current. 

To derive an expression for current density, consider a special 
case in which all the charge carriers have the same charge q and 
move with the same velocity v. In a small time interval A^ 
charge carrier will travel a distance l = v A/. Let us consider a 
cylinder (or a prism) of cross sectional area JS and of length 1 io 
the conductor. The volume of this cylinder will be i/S. l=dS. vA^* v 
If n is the number of charge carriers per unit volume, then the ' 
charge in this cylindrical volume=^« dS. vAt. Hence the current 
or the rate of flow of charge=^/i dS, v and current density 

If the charge carriers are having different charges and veloci- 
ties, then the current through this cylinder will be the sum of the 
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currents due to each of the charge carrier. Let per unit volume of 
the conductor consists of m groups, one having particles each of 
charge qx and velocity Vi, second having particles each of charge 

and velocity vg-.-and the group having particles each of 
charge q^n and velocity v^. 


. . Total number of charge carriers 
and dS . Vj ^n^q^ dS . v 2 +*--+«m 9 m dS . Vm 


m 


...(3) 


m 


•=»dS . E n^qiVi. 

/«! 

Hence the charge density j — Z 


.-(4) 


In solid conductors, the charge carriers are the free electrons, 

hence — c. Thus we have 


y = ~eEnt\i. 

We know that the average velocity 


...( 6 ; 




, «lVH^^aV2-l-...r)TnV,n ^ EtUVt 

••‘Tim ft 

Hence } = ~rtev^^. 

Thus we see that the direction of j is opposite to 


v» 



The current density j and the charge density p are related at 

each point through a differentia! equation. The relation is based 

on the fact that electric charge can neither be created nor be 

destroyed and the rate of increase of the total charge inside any 

arbitrary volume must be equal to the net flovi^ of charge into this 
volume. 


• • 




The minus sign comes here because the direction of dS is along 
outward normal and we wish current positive when the net charge 
istrom the outside of K to within. Since we are dealing with a 

faxed volume F, hence we can put the RHS as J(0p/0r) Using 

divergence theorem the surface integral of Eq. (8) can be transform 
into a volume integral. Thus we have 



div j dV=[ 


d? 


dt 


'dV or 


lv(^'^ j+-IK=o- 


arbitrary volume. It is only 
possible when integrand in zero. Thus ^ 


div j + ap/a/=o. 
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Tills differential equation is known as the continuity equation. 
If the region does not contain a source or sink of current, 0p/0/=*O 
and hence for steady current, we have 

div ...(10) 

6.3, CONDUCTIVITY AND RESISTIVITY 

It is found experimentally that in a metallic conductor at 

constant temperature the current density j is linearly proportional 
to the electric field E. Thus r y k' 

j=<^E, ...(II) 

where a is a constant, known as the conductivity of the conductor. It 

IS a scalar quantity. The reciprocal of the conductivity is called the 

resistivity p. The dimensions of p are (volts/meter)/(ampere/meter^)= 

yolf- meter/ampere, o^ simply ohm-meter. The unit of conductivity 

IS thus ohm meter ^ or mho/meter. These constants a and P are 

the characteristic of a material rather than of a particular specimen 
of a material. 


Consider first a particular piece of current carrying material 
I e the wire. If at any instant, current is directed toward an insu- 





Fig- 63, 


lated boundary of the conductor, 
it will produce steadily increasing 
added field due to the piling up of 
the charge at the boundary. 
Therefore for the steady flow for 
which there is no source or sink 
of current, the j must be parallel 
to the conductor boundaries. If 
we consider two surfaces S'! and 


5a everywhere perpendicular to j, each bounded by curves lying in 
the conductor boundaries. The currents through them 
and ii=lsi\ . dS must be equal, otherwise charge will pile up in 
between. Thus the current must be same through any surface that 
cuts across the wire. Current behaves like electric flux and we 
can draw lines of flow every where parallel to j that do not begain 
or end anywhere in the conductor. Since the vectors E and j are 
in the same direction we can thus write 

E=pj. 


In many conducting materials the resistivity p is a constant, 
independent of E. The discovery that p is a constant for a matallic 
conductor at constant temperature was made by G.S. Ohm and is 
known as Ohm*s law, A material obeying Ohm’s law is called an 
ohmic conductor or a linear conductor. Only metals and metal alloys 
are under this head. Thus Ohm's law, like Boyle's law, describes a 
special property of certain materials and not a general property of all 
matter. In non-isotropic conductors, the current may flow more 
easily in some directions than in others. In this case Eq. (ll)can 
^-be written as 
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Ja Emtjv Eytjz — o^s Ef ...(13) 

The resistivity of all metallic conductors increases with increa- 
sing temperature. It is practically independent of temperature for 

alloy manganin. The general expression for the resistivity of a pure 
metal at temperature r°C is 

where (3,, is the resistivity at 0°C and a, p,...etc are the constants in 
aecending order of their values. When t is not very large, higher 
terms are negligible and the relation is thus given as 

Pi=Po(l + «t) or a=:(pi-p^)/pj, ...(15) 

where the constant « is termed as the temperature coefficient of the 

resistivity and may be defined as the increase in resistivity per unit 

resistivity when the temperature is increased by TC. 

The resistivity of a super conductor, such as alloy or com- 

pound decreases as the temperature is decreased, at first regularly 
like that of a metal and suddenly plunges to zero at a certain 
temperature, known as critical temperature ('=^0.1°!^ to 10°/sr). 

tempe^aturr^ ^ semiconductor decreases rapidly with increasing 

Table 6.1 The resistitivities and the temperature 
conemcients of some substances. 


Material 


Meta! 


Alloy 


Semiconductors 


Insulators 


resistivity at 20^C 
(^I— /n) 


a at 20°C 
(per^C) 


Silver 

1.6x10-8 

3.8x10-3 

Copper 

1.7x10-8 

3.9x10-3 

Aluminium 

2.8 X 10“8 

3.9 X 10-9 

Gold 

2.4x10-8 

3.4x10-3 

Iron 

l.Ox 10-7 

5x 10-3 

Tungsten 

5.6x10-8 

4.5x10-3 

Brass 

^7 X 10-8 

1x10-3 

Manganin 

4.4 X 10-7 

1 X 10-5 or 0 

Nichrome 

l.lxlO-s 

2x 10-4 

Carbon 

3.5x 10-5 

—5 X 10-4 

Germanium 

0.60 

— 4.8 x 10-2 

Silicon 

2300 

— 7.5 X 10-2 

Glass 

IQio— 1014 


Mica 

1011—1015 


Sulphur 

1015 


Wood 

0 

T 

ou 

1 

O 
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Relaxation Time. If a charge is distributed within a con- 
ducting body, the charge will distribute itself in such a way that a 
zero electric field exists within and tangent to the conductor surface. 
The time required for this process is called the relaxation time. For 
its qualitative evaluation let us proceed as : 

Consider a homogeneous conducting region with a conducti- 
' vity a and permittivity e. We have a divergence equation as 

V.j=— 

Since j=o’E and V. E=p/£, hence 

V. (a E)=(tV. E = (7p/e= — dp/0r. 

Thus dt=^^ [P A 

e Jo JPo p 

•or ...(16) 

where pQ is the initial charge density. The relaxation time tre is 
defined as 

...(17) 

i.€. the tinae required for the initial charge distribution to decay to 
1/e of its initial value. It is extremely short (^^10"^® sec) for good 
conductors and is relatively large (few days) for insulators. 

6.4. POTENTIAL AND RESISTANCE 

The magnitude of the current between two surfaces Si and S% 
depends on the nature of the conductor and on the force which 
urge the free charges through it. The effect of all such forces is 
most easily calculated in terms of the work performed per unit posi- 
tive charge. This quantity is called the potential difference. The 
charge flows through the conductor in the direction of decreasing 
potential. Hence the potential drop 




where the path of integration is along any line of flow from Si to 
Sf If these points are brought together, the above relation reduces 
to zero. It is therefore clear that no static distribution of charge can 
(produce a potential difference around a circuit. If we increase the 
field and potential everywhere in the same ratio, the flow lines will 
not change their pattern, but j will increase everywhere in the same 
proportion as will i. Thus we can write above relation as 


...( 19 ) 
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or 


V=Ri, 


...( 20 ) 


where /{ is a quantity which remains constant as Fand /chanpc hnr 
, depends o„ loea.ion of 5. and S. on , he flow pa«=m b°fwe “ 

area oV“oir°e‘'c“r ij “,he"1if ' ’f"" '“S'" ' >"<1 

field will be paiallel, a'nd thuj E will'be"'eons?am aloM'a'""'' 
line and hence, throughout the wire The S ic 

and direction and we can write 7= //A. This we hav™ 



f )i: df= 

Combining Eqs. (20) and (21), we get 

R=9llA. 


£// 
A 


• • • 


(21) 


•••(22) 

aerlhg E. , a.d d of a .a4ironbfS;ia,‘' oTbel/;:; o^wl”'" 

ouZ'i S44“le”“The?„4r„“’ir “,Sie'‘"' 

latter quantities, as indicated by the refahLs 

resistance of a conductor between two em.ini?r £ The 

5. can be expressed in microscopic rerms\s'^°‘®°‘‘"' 


R 


_ IE. dl 




From Eqs. (10) and (II). we get 

div j=div (aE)=a c//v E=0. 
Since E=— grad F, hence V“’F=0. 


...(23) 


...(24) 


I^n the mediumf^the'lbes o? cu^rrSow"a^e'Slhr 

of constant F and coincide with lines o7e ‘o ‘he lines. 
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Resistance for 



Fig. 6 A. 


radial current throngli a circular disc* 

Let us consider a circular slab of condu^ 
ting material of thickness / and conducti- 
vity a. Consider the radial flow of current 
from some radius u at a potential Va to the 
outer radius at a potential Fj. Total 
current through any cross section will be 
same as that through any other cross sec- 
tion. Current through a cross section 1 to 
the current flow at any radius r and thus of 
area 27rrr is given by 


i^JA=^(TAE=a. Inrti-dVldr), 

i dr 


or 


27cra 


Total potential difference dV 



27t/0 ]a 


r 


or 




i 1 ^ 

ST » 


Resistance R= 


Va~V, „ 1 


I 


2ntar 


log 


d 

a 


•• 


,(25) 


If the current is not J_ to the cross section, we must usei j. ^ 
and the problem will be complicated. 

6.5 STEADY CURRENTS IN MEDIA WITHOUT SOURCE 
OF EMF 


Since charge 


J2t 



can neither be piling up or disappearing 

boundary, the current towards the boun y 
on one side must be equal to that away ir 
it on the other side. Thus 

ii- ^S=ia. dS or 

or the normal component of} must 

tinuous across the interface. This re 
can also be written as 

r -rrF -(2’^ 

CiE\n ^2 

This equation replaces the 
equation for the continuity of Dn across 

dielectric interfaces. 

So long as there are no sources 
in either medium, fE. i/l=0 for a co 
path which links both media, therefore 

E^t=Ett. 


Fig. 6.5. 
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V r. The equation is analogous to the equation for the mntJn •. 
otEt in the case of dielectric problems. It can be written as 


Combining Eqs. (26) and (29), we get 

(Ti cot cot ^ 2 - 


•••(29) 


at the boundary be twee n two dielectrics^. ‘ ^ ^ 

.h= diflec “c^i, !>""=» ».duc,„,s =„d 

melallic conductors in a homogeS?ouro‘hm?c‘'med' '“O 

tors, then the current is given by ^ between these conduc- 

i=VlR, 

7}:il resistance of the medium. Current / can be written 


its ♦U r « v/i Hic lU 

m the form of current density j as 


'"I. ) "s-f, 


aE. dS 


= <r j^E. dS. 


As by Gauss’s law integral term is equal to g/e, hence 

J'lR=ag;e or q=tVloR, 

where e is the permittivity of the medium between the conductors 

^=CF, hence 


C=t/aR or RC 


ZCT, 


•••(30) 


.he jzzzjztz cSrst'SccSX^biS. 

DUCT?ON AND^OH]\r?LAW^ ELECTRICAL CON- 

The theory of electrical conductivitv in i 
by Paul Drude in 1900 and was modified by LoSz 7® 
that the valence electrons are not attach, d^m ^ assumed 

are free to move about within the £oce fike ^ 

perfect gas in a container and are called j "lolccules of a 
As the effective rad.us of an*^ atfm7 of ,t ' ordeTSl'S 
that of an electron is of the order of lO'^^ cm ^ ^ while 

collisio'is between electrons in camparision t nt:gle,i the 

between electrons and ion c Tes, The pIpp# collisions 

collisions are elastic random c llisions As in 

»ll,.,„„. i. ,te j.., c.„ d„cMbu tbese colfe^,SVa Z'ZTe 
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path A, the average distance that an electron travels between 
collisions, and the mean free time t, the average time between 
collisions. Because of the random nature of this motion, on the 
average no net charge is transferred in the absence of an external 
electric field- In the Fig. 6.6 the dashed lines show the electron 
path in the presence of the electric field E. 


If now an electric field E is applied to the metal, the electrons 
are accelerated in the direction opposite to that of the field and 


acquire an average drift velocity v, anti-parallel to E. The ratio 
v/ Ey the drift velocity in unit field is known as the mobility. The 

c. velocity is small compared 

o ^ *” to the thermal velocities so that 



we can assume these two as 
independent to each other. The 
latter is determined by the 
structure of the conductor and 
the temperature but not by E. As 
the acceleration experienced by 
an electron is — ^E/w, hence the 
Increase in drift velocity between 
two collisions will be — E er/m. 


Fig, 6.6, The effect of each collision is to 

reduce the drift velocity to zero 

and to restore the random ihermal motion. The drift velocity 

increases between two collisions and reduces to zero after next 
collision. Thus the average drift velocity over the time between 
two consecutive collisions will be— JEcT/m. 




If n is the conduction electrons per unit volume, then the 
current density due to the drifting of electrons is given by 

j = — ine^rEfm. ...(31) 

If Va* is the averagj thermal velocity of the electrons, then the 
time between two c msecutive collisions will be A/va». Thus Eq. 
(31) can be written as 

j = ine*AE/ (mvav), • . . (32) 

the resistivity 9^EIJ^2mvavln€n, ...(33) 

-and the conductivity a = l/p=ne2A/(2wva„). ...(34) 

This is an qualitative agreement with experiment. The 
quantities Vav and A depend on the velocity distribution of the 
conduction electrons. Thus the right hand side is independent of 
E and is constant at constant temperature. It shows that metals 
obey Ohm’s law. 

Since Vd, the drift velocity (a lO'^ /w/sec) is very small as 
compared to v(!=siO® m/sec), hence we have used v+va^v and 
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< I V+Vd I >2i<V>=J>a, 
in the above equations. 

__ s law can directly be derived from the rehtfm 

coolant temperature A and r„ are conttam, heuce ’ 


At 


J^E or i/Aoc y/i 


or 


-( 35 ) 

as for a g.ven conductor / and A are fixed. This is the Ohm's law. 

resistiWty''of ^SaTinor ("greases and thus the 

ofcharg^arrieTs oer un^ ^ semiconductor, the numbe? 
ing temperatu r Thimine™'”"’ with increas- 

reststivify Cdecr^Jies^^^^^^^^ greater than that in v.p and the 

the resistivifv k * i ^ temperature, n is very small and 

an insulator.^ material can be considered 

a go?d™examoV?f f ^he vacuum diode 

*™ns is limited by their ra^t? of - 'he supply of elec- 

current is nrt.r.t!.,oii emission from the cathode the 

®node is positive n j'^‘^^P®"rlent of the anode voltage, if the 

^“'rent. the current Vn1re'^HioH°°^‘"°“ ^P''^ charge limited 

<he voltage. diode is proportional lo the | power of 



Eig. 6,7. 


So,rrr - ai I ted"',' 

noids for metallic conductors and is '*• This result 

'-v^“ 7 he 

apphed. Fig. 6.7 (c) shows aV-rSortor'*“'’^“‘^h 

accounp:;; inTe'^rXe’Lrgc-^^e^'^ 1 -"S 

which the device is made. ^ ® 'he material of 
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Wiedemann Franz’s Law. Wicdomann and Franz gave an 
empirical law which states that the ratio of the thermal and electric 
conductivities is proportional to the absolute temperature and is the 
same at constant temperature for all metals. Later on Lorenta 

showed that 


Thermal conductivity K ^k^TXnlmVgv / k 

Electrical conductivity ff ~ ne“A/2mVaB \ e ) 


or Klo <x: T, 

where constant of proportionality, also known as 
L==3 {kjef, where k is the Boltzmann constant. 


...(36) 
Lorentz number 


For a number of pure metals this ratio was found experimen- 
tally and found to fall within the range 2.3x10 ® to 3.2x10 
watt-ohms/deg^. These results are in fair agreement with the value 
of 3(fc/e)^ i.e. 2.24 X 10“® watt ohm/deg®. 


Inspite of the success of the free electron model to explain K 
and a, it fails to explain the specific heat of metals. From th« 
metal electron should have a thermal energy \kT at temperature r 
and each electron should contribute to the specific heat of the metal. 


6.7. RESIDUAL RESISTIVITY 

As discussed in the preceding article, the resistivity p of the 
conductor is due to the scattering of free electrons within the 
conductor, known as thermal scattering. It is true in an ideal lattice 
only where the ions are arranged with a perfect regularity. In 
practice, some impurity ions and/or defects are always prewnt. The 
potential function undergoes a sudden change in the neighbourhooa 
of these impurities and causes an electron to scatter. It gives rise 

to additional resistivity called a residual resistivity ps. ^ , 

pendent of temperature and depends only on the impurities and dejects 
present in the metal hence is constant for a particular specimen. 


Total resistivity p = Resistivity due to ther 


II 


al scattering pT+ps- 


Hence at absolute zero or very low temperature p— pn. 

6.8. DUALITY BETWEEN j AND D 

Since j and D both are linearly related to the electric field E 
in many materials, hence dual relationship between j and D exist, in 
the regions, where nonconsei vative fields are absent, we have 

Conducting media Dielectric media 

i = aE D = eE 

V.i=0 V.D=0 

VxE=0 VxD=0 ...(37) 
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Id a homogeneous 


II 


aterial where s and a are constant, we have 


Vxj-0 VXD-0 

and hence j= — V D= — V<^, -.(38) 

where <l>, a potential function, satisfies Laplace’s equation. 


Above equations show that any solution of j can be 
formed into a solution for D and vice versa, by interchanging 


j^D 


and 




trans 

as 


This is also true as we have similar type of relations for the 
boundary of two media. 


Conducting media 


Dielectric media 


y«i— 7f»2 



J til (Ti—j 12/02 


Diijei=Dt2l^2- ...(39) 


Relation (39) shows that a measurement of resistance R will 
suffice to determine the capacitance C. 

6.9. SUPER CONDUCTORS 

Ordinary conductors of electricity become better conductors 
as the temperature is lowered. It was thought that the resistance of 
a metal would be zero at absolute zero. Kamerlingh Onnes carried 
out measurements using mercury as his metal at very low lempera- 
ures and found that the metal was steadily approaching a very low 
resistance at zero as the temperature was being lowered with a 
u den fall to zero at 4.2 K. The phenomenon was called super- 
conductivuy and the metal in that state as super- conductor. He 

succeeded later in showing that lead, tin and indium also become 
super conductors at 7.2, 3.7 and 3.4°K respectively. Certain alloys 

oecome superconductors at rather high temperatures. 


■ 7 Prr in the super-conducting state is 

cirr!» i ^ he currents once established in closed super conduciing 

c rr " though there is no battery in the 

ra s.H the temperature is 

raised slightly above the super conducting point. Since no heat is 

^ current flows through super conductors, hence are 
veiy much used, e.g., m large electromagnets. 


5.10 ENERGY DISSIPATION IN A RESISTANCE {Joule's Law) 

current passes through a conductor of finite resistance, 
wnrt potential to lower potential and the 

cof cLr done by the electric field. For each coulomb 

ot charge that moves through one volt of potential drop, one joule 
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of work is performed. If dq charge flows between two points- 
differing in potential by F in a time dt, the power loss 

P=Vdqldt=Vi=VVlR=VyR^i^R, ...(40)’. 

where R is the resistance between the two points. The unit of 
power is volt-ampere known as the watt or Joulelsec. Eq. (40) 
represents three different forms of Joule’s law. 

In an extended medium of conductivity a, the power dissipa- 
ted in an element of cross section and length A/ is 

AP=AV^ jAS=EAlJAS, 

or power dis8ipated/volume=y£'=j.E=aE.E=^CTE^ ..-(41)- 

This is the differential form of Joule’s law. 

If the device is a motor, the dissipated energy appears as me- 
chanical work done by the motor. If the device is a storage battery 
this energy appears as stored chemical energy. If the device is a 
resistor energy appears as heat. The flow of electrons through the 
resistor is like that of the stone through water, where the potential 
energy mgh of the stone appears as thermal energy in the stone and 
the surrounding water. On a microscopic scale the transfer of dis- 
sipated electric energy in the form of heat can be understood as ; 
collisions between the electrons and the lattice of ions increase the 
amplitude of the thermal vibrations of the lattice and this corresponds 
to a tepmerature increase. This effect is often called the Joule heating 
and Eq. {40) is known as Joule's law. 

Let us now derive the energy formula for resistance. Consider 
a conductor with end surfaces Si, S% kept at constant potentials Fi 
and Fj. The current density j flows normal to these end faces and 
parallel to sides of the conductor. From Eqs. (40) and (41), we have 

{lla)dT=la(E.E)dT. 

.y ...(42). 

where di: is the elementary volume of the conductor. 

Let E=-VF 

E.i=(-VF).j=-V. (Fj) 

Since V.i=0, hence upon application of the divergence 
theorem equation becomes 

-iV.(V})d-t=-UVi.ndS. ...(43) 1 

where S is the total area of the conductor. Since i.n=0 except om 
the constant potential surfaces, hence we have 

i^R=Vi hi } {-n)dS-V^ Jeaj.n dS -(Fi-F,)/. 

It is same as Eq. (40). 
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6.11. ELECTROMOTIVE FORGE 

We know that the closed line integral of electrostatic field 
fE.iil=0, hence electrostatic field can not cause current flow in the 
circuit. The source of energy in a circuit may be chemical, mecha- 
nical or thermal, or it may result from a charging magnetic field. In 
an electrolytic cell, the energy is chemical and in a Van de-Graaff 
generator the energy is mechanical. In a thermocouple, a thermo 
e/n/is produced when the junctions of a circuit consisting of dissi- 
milar metals are at different temperatures and the source of energy is 
thermal, fn a photovoltaic cell, the photo emf \% produced when the 
junction {p—n) is irradiated with light, infrared rays or other radiant 
energy. 

In a device such as a dry cell, storage battery, or electrostatic 
generator, in which nonelectrical energy is converted into electrical 
energy or vice versoy let us consider that the terminal a is maintained 
by the source at a higher potential than terminal b. There is there- 
fore an electrostatic field £« at all points between and around the 
terminals. The source is itself a conduc- 
tor and if only this electrostatic field 
exerts the positive charges will move 
from a toward b and the negative 
charges from b toward a. The excess 
chargeson the terminals woulddecrease 
and hence the between them would 
decrease and eventually become zero. 

As it does not happen, we conclude 
that there must also exit at every 0 °. 

point within the source a force F„ of non-electrostatic origin acting 
on every charged particle and which is equal and opposite to the 
electrostatic force We can define the non-electrostatic 

field En as Fn=^E„. When the source is an open circuit, the vector 
sum of these fields at every point must be zero, i,e, 

E=E„+E,=0 or E,= -E„. ...(44) 

6 ff ffl 

E,.dl=~\ En-dh 

o Ja Jft 

As J^E.. /. .. (45) 

II integral of the non-electrostatic field from 5 to a is 

^5 — electromotive force of the source and is abbreviated as 

Jhe emf of the source equals the open circuit potential 
ifr / confuse between terms potential difference 

and former is the line integral of an electrostatic field 

ana the latter is the integral of a non-electrostatic field. The 
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electrostatic field, hence the potential difference depends on the 
current in the source. The non electrostatic field, hence the emf of 
the source is a constant independent of the current and this repre- 
sents the property of the source. 


For a closed circuit, i.e, when two terminals of a source are 
connected by a conductor, the resultant field E within the source is 
E--=Ee+Ent hence 


j“ E E,.dl+J“ E„.dl 

I 

or /r=-Fa6+6, -(46) 

where r is the internal resistance of the source. Here the direction 
of integration is the direction of current within the source. 

If R is resistance of the conductor connecting the terminals 
a and b, then Eq. (46) can be written as 

/r=-lR+^ or i=Ql(R+r). -(47) 

If a circuit consists of any number of sources and conductors 
connected in series, then the above relation can be written as 

I=S^lER, ..,(48) 

where is the algebraic sum of emf’s of the sources and ER is 
the sum of all resistances, external and internal. 


6,12. RESISTORS 

Resistors may be divided into two groups : resistance boxes 
and rheostats. Ihe former is used when a definite and known 
resistance is required and the latter is used when we are concerned 
with regulation of currents and absorption of power. 

In resistance boxes coils are connected in various combina- 
tions so that any required resistance upto the full capacity of the 
box may be obtained. The most common types are the plug box 
and the dial box. The plug box consists of a number of resistance 
elements of different magnitudes connected in series. Each junction 
between elements is connected to a metal block, so that if a metal 
plug is inserted between adjacent blocks the corresponding resistance 
is short circuited. Thus the total resistance of the box in circuit is 
the sum ot the resistances whose plugs have been removed. Resis- 
tance material used for winding coils is manganin, which is an 
alloy 84% Cm+ 12% Mrt*f4% NL It has smaller temperature 
coeflScicDts and higher resistivity. The dial box also consists of a 
number of resistance elements in series, the junctions being connect- 
ed to a set of metal buttons over which a contact arm moves* 
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Usually in dial boxes the elements arc arranged in groups of ten of 
equal magnitude, successive groups however differing in magnitude 
by a factor of ten. 



Fig. 6.9. 


A sliding rheostat usually consists of oxidised nichrome 
wire (an alloy of Ni, Cr and Cu) wound on an insulating cylinder. 
A sliding contact is arranged on a mjtal rod mounted above the 
winding, parallel to the cylinder. This alloy provides high resistivity. 
It is taken oxidised to provide insulation between turns. Besides the 
sliding contact terminal, two terminals are provided at the ends 
of the wire. These both terminals are used only when the rheostat 
is used as a potential divider. 

In electronic circuits resistors of fixed resistances are required. 
Most resistors are marked with the normal value of their resistance. 
The present practice is either to print the value at the body of the 
resistor in numbers or to put three coloured bands around the body 

which can be translated into a number by using the standard colour 
code, given below : 

Black 0 Red 2 Yellow 4 Blue 6 Gray 8 

Brown 1 Orange 3 Green 5 Violet 7 White 9 

The first colour band represents the first figure of the resis- 

tance and the second band the second figure and the third band 
the number of zeros to add the first two figures to get the total 
resistance. For resistances between 1 and 10 ohms, gold is used 
for the third band. Thus green, orange and gold bands represent 

5.3 ohms. The limit of accuracy is indicated by the colour of the 

fourth bands, silver being 10% and gold being 5%. Ordinary 

carbon resistors should not be used when the signal level is 10"^ 
voit or less. 


Carboa Resistors. As wire wound resistors are expensive, 
not suitable to use at very high freq'iencies and can not be obtained 
5n small size if are of high resistance values. The b.’st alternatives 
are deposited carbon and carbon-composition rod resistors. 


(a) Deposited- carbon Resistors. The deposited-carbon resistor 
also known as carbon film resistor consists of a ceramic core on 
which a thin layer of crystalline metallic carbon is deposited from 
a hydrocarbon vapour at high temperature. These resistors are 
'inuch cheaper, nearly stable, having temperature coefficient of 
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resistivity of the order of 200 to 500 parts per million per very? 
small noise and have superior performance at radio frequencies. 

{b) Carbon-composition Resistors, (/) The carbon-composition’ 
rod type resistor consists of a solid conducting rod formed of a 
mixture of fine carbon particles and an insulating binding medium. 
Although these resistors are widely used in electronic equipments, 
but are not suitable for precision work because of their poor stabi- 
lity, high value of a, poor performance at high frequencies, 
(n) Carbon-composition film type resistor consists of an insulating 
support such as a ceramic or glass rod or tube at the surface of 
which a conducting film of a mixture of carbon particles and 
insulating binding medium is provided. These are frequently called 
meiallized resistors. As the value of a, stability w th time and 
performance at high frequencies are concerned, these are superior 
to those of carbon rod type resistors. Although these are somewhat 
inferior to those of the deposited carbon resistors. 

Noise, When dc is passed through carbon resistor, a noise 
voltage is developed across its lerminals. It is almost proportional 
to the dc voltage applied to the resistor. It varies inversely as the 
frequency. Different types of resistors differ in the noise that they 
generate. No noise is observed in wire wound resistances, deposi“ 
ted carbon resistors have the lowest noise (< 0 . 25 /iF noise per rfc 
volt), carbon rod types have the highest noise and the carbon film 
resistors have in between two and can thus be assumed as good 
resistors. 


6.13. KIRCHHOFF’S LAWS 

Most electrical circuits comprise a number of sources and 
resistors interconnected in a more or less complicated manner. 
These are named as networks. All networks can not be reduced 
to simple series-parallel combinations. There are number of 
techniques to solve such problems. We shall describe here only 
one of these, first developed by Gustav Robert Kirchhoff. Let us 
first define three terms : a branch point in a network is a point 
where three or more conductors are joined, loop is any close 
conducting path and meih is a closed path (loop) which can not be 
subdivided info other loops. With the restriction that Ohm’s law 

obeys for each part of the network, Kirchhoff gave following two 

laws. 


( 1 ) 


The algebraic sum of ail the currents meeting at a branch 
I point is zero. It follows from the equation of 

rl? continuity, since there can be no accumu- 

/ lation of charge at any point in the circuit, 

I If can be written as 

^ ...(49) 

\ . Hence the net current meeting at any 

branch point (Fig. 6.10) can be given as 


Fig. 6,10. 


/l + l»~/8 + /4--/5=0. 


...(50)^ 
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Here the convention is that the current flowing towards the 
branch point or the junction is considered positive, whereas 
outflowing current is considered negative, 

(2) In any loop in a network of conductors, the algebraic sum of 
emfs is equal to the algebraic sum of the products of the resistances of 
each link of the loop and the current flowing through them. It 
follows that the total fall of potential round any simple circuit is 
equal to the total emfs in that circuit. It can be written as 

ZiR^Z^. ...(51) 

Before applying this law, the direction of current in the 
conductors of the loop is assumed, and the product iR is given a 
positive sign if the current flowing through the resistance R is along 

the assumed current direction and the emf S is given a positive 
sign if the assumed current direction is from — ve to the +ve 
terminal inside the source. 

6.14 WHEATSTONE’S BRIDGE 

The Wheatstone’s bridge is a special type of resistance net- 
work, commonly used for comparing resistances. It consists of 
four resistances R^, R^, R^ and R^ connected in series. The one 
pair of opposite junctions of the four resistances, such as A and C 

being connected by battery of emf £ and internal resistance r and 
the other pair of opposite junctions B and D through a galvano- 
meter of resistance Ro, 

Let /, I’l, /j, /g, and ig be the currents in the battery circuitj 
through resistances Ri, R^, R^, R^ and the galvonometer respectively. 
Then by KirchhofT’s first law, we have for 


the branch point 

» 9 M >1 

Thus the currents in AB, BC, 
AD and DC will be /j, ix~iay i — 
and respectively. Assum- 

ing the clockwise direction of the 
current as positive in the meshes, 
and now applying Kirchhoff’s 
second law to the meshes ABDA 
and BCDB, we get 


A i-i~H=^, 
B /l — /2— /e==0. 


B . 



Fig. 6.11. 


and iii~~i(j)R 2 ~ ii~ii‘^ia^R^ — rp/?o=0. 

If the bridge is balanced, i.e,, no current is flowing through the 
galvanometer then we get 

ii{Ri+Rz)=iRt 
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h{Ri+R^)=iR^. 

R\-\-Ri 

Ri~\~Ri 


A 

R, 


or 


R^ 

R2 


R 


8 


Ri' 


...( 52 ) 


which is the well known condition for the bridge to be balanced, 
resistance an^Te meaLred'^in'tL unknown 

curren! in the^batfery ciSuit bu! r" independent of the 

n.e.b'od, .bm to n'S'S “y cJlf a'.i™ ’IP"','’' “ ”f 
can be shown that wh^n tu^ ^ cauoration of galvanometer. It 

battery are interchanged the abovrcondV galvanometer and 

arm’ and the ’galvanometer arm’^ and t 
to each other when the bridge is balanSd 

known as battery key and galvanometef key^esVective^r ''' 

the measurem*em *of*re^^ances°d* * The accuracy in 

the bridge. For a better sensitivity Sth^bSe 

conditions ""S Ihe'bridg* scnsitTveness*''’ Ths'”’' 

(unknown). R^=mru R,=„r^ and form I?4=r 

sample numbers. When -r.\hetid1e~irb?,an:e^^7nd\=0.” 

when^th7*’Vr?dge”7s^?ot'’bS*J;ed an7^'*h"7 measured 

galvanometer of resistance Ra then from 7® 

. men irom Kirchhoff s first law, the 

current through resistance nri will 

k li is the current 

through the resistance then 
the current through the resistance 
mri will be + 

To solve the problem, let us 
assume the current in the clock- 
wise direction in the meshes ABDA 
and BCDB as positive. Now apply- 
ing KirchhofT*s second law to 
these meshes, we have 

nmrui— Roig—r ry^ (/+/V)=0 

and wrj(/j -}-/-) — ri-\-RQia =0. 



Fig, 6 J 2 .} 
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Rearranging these relations and eli 
we get 


II 


inating h from these, 


iff n{r—ri) 

/ (w-f-1) i?o+/7(l+m)rj 


r— 

~ (l+w)ri+-(l + l/«)/?o ■ •••(53) 

The ratio /ff/i is a measure of the sensitiveness of the bridge. 
It is mdependent of the emf and resistance in the battery circuit. 
For a given want of balance r—fj, the sensitivity can be increased 

by (0 increasing current /, (//) decreasing galvanometer resistance 
{Hi) decreasing m and (tv) increasing «. 

The current z through the unknown resistance is limited by 
the heating effect of this current. Galvanometer resistance can not 
be decreased below a certain limit as it varies with the number of 
turns in the coil. Accuracy of the galvanometer is proportional to 
the number of turns in coil. Thus the decrease in Rq is possible 
at the cost of accuracy of the galvanometer. 


Thus we see that the sensitivity of the bridge^can only be 
increased by decreasing m and increasing n to any extent. The 
limiting values arc m=0 and zz=oo, in which case 

A _ ^1 

i r^+Ra —(54) 

/ 

This condition is impracticable because if /i=oo, the current 
in the bridge would be zero, as resistances in arms AB and AD are 
both infinite ; and if m = 0. the branch ADC and the galvanometer 
arm are short circuited. If m^n=\, we have 

Ja r~r ^ 

i 2iri+Ra) ■ -( 55 ) 

Thus we see that when m=n=\, the sensitiveness it still half 
as great as in the ideal limit (ni=0 and «= co). The sensitiveness 
can be increased by increasing n and decreasing m. it will be greatly 
reduced if n is made small and m large. Prof. Callendar gave as a 

rule that the battery and gahanometer shnuld be connected in such a 

way that the resistance in series with the unknown resistance be greater 
than the resist ance in parrallel with it. 


As we know that the positions of the galvanometer and the 
battery can be inierchanged but these two arrangements are not 
equally sensitive. Maxwell gave a rule regarding the best arrange- 
ments of these— o/ the two resistances that of the battery and that of 
the galvanometer, the greater connects the junction of the two greatest 
with that of the two least of the four arms of the bridge. 
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^<.15, COMPARISON OF TWO RESISTANCES 

The Wheatstone’s bridge method is the most accurate and 
frequently used method of comparing resistances. The great 
advantap m this method is the null detection. Most simple 
practical application of this bridge is the meter bridge, which consists 

of a straight and uniform wire of manganin or constantan stretched 

•along a meter scale. The balance is obtained on the wire, if lengths 
'Of the (Wo parts are h and /2, then (he ratio of (wo resistances 




...(56) 


\ 


A compact form of Wheatstone’s bridge is a Post Office box, 
P Q originally designed to measure 

A 10^ 1 00 ^ 0 ,0 10 0 1 000 c the resistances of electric cables 

a 1 and telegraph wires in Post 

\ Offices. It consists of three sepa- 

I sets of coils of known resis- 

' tances to form three arms AB, 

Wheatstone 

1 bridge. Two exactly alike and 

=»K, similary placed sets P and Q are 

! known as tatio arms of the 

— 1[| [ ^ bridge. In P and Q, usually 

WA'ww J each consists of three resistances 

pf ^ of 10, 100, 1000 ohms respec- 

■ tively. The third set of resis- 


Fig. 6.13. 


lance R forms the rheostat arm, consists of a series of coils of 

values from 1 to 5000 ohms. The unknown resistance S is connected 

in the fourth arm CD. Two spring keys Ki, are also provided, 

which when pressed make internal connections with terminals A and 

B respectively. Key Ki is known as battery key and key as the 
galvanometer key. 


To determine the unknown resistances, the connections are 
made as shown in Fig. 6,13. The ratio arms are adjusted to 10 ohms 
each and rheostat arm is set to I ohm. The battery key is first 
pressed then the galvanometer key is pressed and the direction of 
the deflection in the galvanometer is noted. Direction of the deflec- 
tion is also noted for the resistance 2000 from the rheostat arm. If 
the deflection is in the direction opposite to the previous one the 
‘Unknown resistance must have value some between I and 2000. If 
two deflections are in same directions, there is either some faulty 
connection or the value of 5* exceeds 2000. By varying the resist- 
ance in the rheostat nrm systematically, two resistances, differing 
by one ohm, with which the deflections are in opposite directions, 
are found by trial. Now P—Q. thus the unknown resistance must 
he between these two values, say n and n+1. 

NowP is increased to 100 ohms keeping 0=10 ohms, by 
varying resistance R, two values are similarly obtained, which give 
Reflection in opposite directions. Using Eq. (52), the unknown 
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resistance will be between nJlO and (n,+l)/10 ohms. Similarly the 
accuracy can be more increased by taking />=I000 ohms. 

For the measurements of very high resistance greater than the 
► sum of all resistances in the rheostat arm. Q is increased by keeping 

/*=10 ohms. 

6 16 KELVIN’S (THOMSON) METHOD OF DETERMINING 
GALVANOMETER RESISTANCE 

This is ihe Wheatstone bridge method in which galvanometer 
is removed from galvanometer arm 
and the balance position is obtained 
by the galvanometer, whose resist- 
ance is to be measured and connect- 
ed in the fourth unknown arm. The 
connections are made as shown in 
Fig. 6.14. Using Kirchhoff’s first 
law, current distribution among 
the branches is obtained, also shown 
in figure. Now applying Kirchhoff’s 
second law to the meshes ABDA 
and BCDB and assuming clockwise 
direciion of the current as positive 
in these meshes, we get Fig. 6.14. 

hP-iRk~{i+io)F=0 

and OQ — 

If /=0, i.e.. the current through the galvanometer is inde- 
pendent of the resistance Rk or remains constant whether the key 
Kt is closed or open. Then above relations reduce to 

iiP=igR and iiQ=^igRo, 

or PIQ=-RIRq. ...(57) 

Post OfiBce box is used generally for the measurement of 
Galvanometer is connected across the unknown arm CD and the 
galvanometer arm BD is short circuited by connecting a thick Cm— 
wire. As soon as we press battery key the current will flow 
through the galvanometer and will give large deflection, particul- 
arly when the galvanometer is sensidve. Hence to check this large 
deflection a variable high resistance, say a resistance box adjustable 

up to 10,0' 0 ohms or a t/-tube containing water should be inserted 

in series with the cell. As clear from the theory given above, rela- 
„ tion (57) is valid when ig, the galvanometer current, is independent 
of/. Thus by taking any ratio from ratio arms the resistance 
should be adjusted from the rheosat arm for which deflection of 
galvanometer does not change when the galvanometer key is 

pressed. Knowing P, Q and R the resistance of galvanometer Rq 
vcan be calculated. 



240 


6.17. MANCE’s METHOD OF 
RESISTANCE 
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determining cell. 


In this method, the cell, resistance of which is to be measured^ 



and 


Fig, 6,15. 

(I-h- 

Rearranging, we get 

I{P+R) 


IS connected in the fourth arm 
of the Wheatstone’s bridge and 
the battery arm is short circuited 
by connecting a thick Cu-wire. 
The galvanometer is connected 
as usual. Applying first Kirch- 
hoff’s law the current distri- 
bution so obtained is shown in 
Fig. 6.15. Now applying Kirch- 
hofif’s second law to the meshes 
ABDA and BCDB and assuming 
the clockwise direction of 
current in these meshes as^posi- 
tive we get 


and 


i)P-h Ro+il-i,) R=0 

(/ — i) Rq=E. 

-ig {Ro+R+P)-iP=Q 
I{Q+r)^ig Ra-iQ=E. 


...(«) 

...(///) 


Multiplying Eq. {Hi) by (g+r) and Eq. (/v) by (P+i?) and 
then subtracting, we get 

iJiRo{P+R)^{Ro+P+R) (Q+r)]-/ [Q (p+i?)-/>(e+r)] 

=E{P+RV 

Since i is not zero, hence the galvanometer current ig will be 
independent of the resistance in the battery arm .^C, or remains 
constant whether the battery key Kj is closed or open when the 
coefficient of i is zero, i.e, 

Q{P+R)~P{Q+r)=0. 

QR=Pr or PlQ=Rlr. ...(58) 


To check high current through the galvanometer, variable 
high resistance, say a resistance box of 10, 100 12 or a U-tube con- 
taining water, should be placed in series with the galvanometer. In 
this experiment ratio and Q is first taken as 10: 10 and the 
resistances from rheostat arm R is so adjusted that the the deflection 
obtained by pressing galvanometer key K 2 does not change while 
pressing battery key Ki- Now P, Q and R should be noted and r 
can be calculated. 


If the cell resistance is less than 1 ohm as is often the case 
with a freshly prepared cell, keep the ratio FlQ—\0 and adiust 
and take observations as given before. 
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6.18. CAREY FOSTER’S BRIDGE FOR MEASURING RESIS- 
TANGE 

It is a modified form of meter bridge (one meter wire), in 
which effective length of the wire is considerably increased by 
including resistances Rx and in series with the bridge wire LM. 
Thus increases the accuracy of the result due to any error in reading 
the position of the balance, as well as the sensitiveness of the bridge. 
It is very useful for the comparison of two nearly equal resistances, 
whose difference is less than the resistance of the bridge wire LM, 
Two resistances X and Y to be compared are connected in the 
outer gaps of the bridge in series wiih the wire LM, Thus we 
have two arms of Wheatstone’s bridge, one AD and other CD^ 
where Z) is the position of null point on the wire. The remaining 



Fig. 6.16, 

two arms are formed by two nearly equal resistances and Q con- 
nected in the inner gaps of the bridge. The cell and galvanometer- 
are connected as indicated in Fig. 6.16. If the wire is of length L. 
and the position of null point is at a distance /j from the left hand 
side, then at the time of balance we have 


~l~p/i ^-fa+p/i 

Q ~ R^+9[L-h) = Y+ji + piL-l^) ' 


where p is the resistance per unit length of the bridge 

and ^ are the end corrections at the left and right 
bridge wire respectively. 


wire and » 
ends of the 


K. . If/ interchanged and the balance point is 
obtained at a distance h from the left end on the wire, we have 


no VP 


-P X^« + p/o 

Q A'+^+p(L— / g) 
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Coiapacteg tfipse equations^ we. ge^ 


A^+p/i+a 


y+p/,4- « 


Y+ ?(£— /i) 4- jj P(L - /a) + jj 


Adding 1- to both sides, we 
idantica!, hence their denominators 
can write 


see that the nuai,ei;ators are 
3ust also be equal. Thus w.d 


or 


y+pa-/i)+p=;r+p(L-/,)+/3. 

y-Ar=p[/,-/,]. 


...(59) 


This equation shows that the end corrections are eliminated 

without measuring and the difference of two resistance can be 

obtained by determining the resistance of the bridge wire between 
two positions of the null points. ® between 

measured by short 

standard fractional resistance in the other gap. Two positions^of 

kft Custr!n inr/-‘if/® oj^f^ined by putting resistance in 

Thus fmm Eq (S9),Te hfvS 

0-/?=p[/,-/,] or ?=/?/(/,-/,). ,..(60) 

points may be obtained 
at diprent parts of the wire by small alterations of the ratio P/Q, 

thus testing of the uniformity of the wire can be done by seeing 

that /i-/, remains constant. This method is very useful for the 

m^surement of low resistances. However this method fails if the 

difference of two resistances T-JT exceeds the total resistance of 

the bridge wire LAf. The unknown resistance IT can be measured 

by connecting it in one gap and the known rcsiatanco Y in the other 

Positiong of null point corresponding to 
the X in left and then m right, X can be calculated. 

€.19. KELVIN’S DOUBLE BRIDGE FOR THE MEASURE^ 
MENT OF LOW RESISTANCES 

Wheatstone s bridge is not suitable for the comparison of low 
resistances because it has low sensitivity in such circumstances and 
the resistances of the contact and connecting leads are not negligible 
in comparison to the resistance to be measured. In the Kelvin’s 
double bridge these errors arc eliminated. It is very useful for the 
measurement of resistances below 0.1 ohm and is also an excellent 
method for finding the specific resistance of a conducting mitcrial 
taken in the form of a road of uniform cross-section. The principal 
diagram of the bridge is shown in Fig. 6.17. 
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i? is the unknown low resistance and S a standard resistance 

of the same order of magnitude 
preferable a continuously variable 
resistance such as a slide wire. 

Both the resistances are joined 
together by a metal bar or a thick 
wire BC of low resistance r and 
arc connected in scries with a 
battery, rheostat and key. Some- 
times BC is replaced by a cup filled 
with mercury. N, m and n are 
four known non-inductive resistan- 
ces. These are arranged together 
with a low resistance galvanometer Fig, 6.11. 

G to form a bridge. The ratio MjN is kept the same as w/n, the 
resistance S is varied until zero deflection of the galvanometer is 
obtained. 

Let the distribution of currents in the branches is as shown in 

Fig. 6.17. At the time of balance of the bridge the current Ii is 

in the arms M and N, /, in m and n and I \n R and S. Let us now 

apply Kirchhoff’s second law for the meshes AEFBA and EFCDE, 
we get 

Af/i — 

and Nh-nI^-Si=0. 

As m and n are in parallel with the resistance r, the current 
/ in R divides so that passes through nt and n. Subs- 

'tituting this value of /, in the above equations we have 

Mil = lrmlir-\-m n) + RI 
and Nil « Irn/ir + m + n) + SI. 

By solving, we get 



N m+n+ 


_(_M _m\ 
r \ N n } 


...(61) 


If MlN=mln, then 
R=MSIN. 


R=MSIN. ...(62) 

. It gives the unknown resistance 7? in terms of the standard 
resistance S. 


The resistivity P of the material can be calculated, by taking 

the material in the form of a wire. If A is the area of cross-section 
and / the length, then 


P^ARll. 


...(63) 
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DiflFerent forms of this bridge are manufactured by different 
manufactureres. The bridge, generally employed in laboratories, 
consists a compact form of potentiometer and a double ratio box. 
The value of M/N is made equal to that of mjn by this box and 
resistance 5* is measured by mea'^uring the length of the potentio- 
meter wire in circuit knowing that 1 coil=100 cm of wire=0.1 ohm. 


6.20. CALLENDER AND GRIFITH’s BRIDGE 

The resistance variation with temperature is well defined in 
metals by the relation 

Ri=R„{l+<it+^t'‘), -(64) 

where Rt and Ro are the resistances at and 0° respectively and » 
and P are the constant characteristics of the metal. Platinum is the 
most suitable metal for measurement of temperature, because it 
does not combine with oxygen even at very high temperature and 
its resistance varies as given by Eq. (64). 

For low temperature measurements the P may be neglected 
and one may have a relation 

If Rti and Ri^ are the resistances of the specimen at tempera- 
tures ti and ^2 respectively, then the temperature coefficient of resis^ 
tance a can be calculated by the relation 



Ri2, Rjx 




M (b) 


Fig, 6.18. 
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A platinum resistance thermometer consists of a fine platinum 
wire usually about 0.2 mm in diameter and of resistance about one 
ohm, wound non-inductively on a mica frame and placed in a glass 
tube for temperature upto 300° and in glazed porcelain or fused 
silica tube for higher temperatures. The ends of the wire are 
soldered to two copper leads which are connected to the two termi- 
nals PP at the other end on the top of the tube. The compensating 
leads or dummy l.ads, exactly similar in size and material to the 
leads of the thermometer, are placed parallel to the tube, joined 
together at the Iowlt end and connected to another pair of terminals 
CC at the top. [Fig. 6.18 (a)] 


Callender and Grifith’s bridge is the modified Wheatstone's 
Dndge for the accurate measurement of resistance of the thermo- 
meter. The ratio arm^ P and Q have equal resistance coils and 

Cl and Pl are the gaps for connecting the compensating and resis- 
tance leads of the thermometer. Ti series with a di.il type adjustable 
resistance r, a stretched uniform wire EF of resistance 1 ohm is 
•connected. A graduited scale with zero at the middle is associated 
with this wire, as shown in Fig. 6.18 (b) 

^^^'^rri'^meter is placed in the bath whose temperature is 
w be measured, the CC and PP leads are connected across the gaps 
Cl and Pl respectively, a suitable resistance r is introduced in the 
mal box and the balance is thus observed at point D on the wire 
At this stage, we have 


or 


P=Q .md C+r + pED = P< l-C+pDF 
P,-=r+P (ED- DF)-=r+2^0D, 


t 


...( 66 ) 

where P, is the resistance of the platinum wire at CC, C of the com- 

P mid.point of the wire EF, having 

resistance per UH't length p. 

Tn 1 '■* measured at 0°, 100° 

temperature measure- 

perature- ^ also taken into account at these tem- 

temDerarnr. '“6 'Surements of temperatures the 

eXnce of ^ obtained by measuring 

Tnd boi'na sulnh'l’r?' T'h temperatures (ice, steam 

auu Doil.ng sulphur) and (he us ; is naude of Eq, (64). 

21 POTENTIOMETER 

ratelv^thep^‘fllf°"’®‘®''r^" instrument which can measure accu- 

the Rniir !u supply without drawing any current from 

the source or the potential difference across a drcu.t element. U 
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balances an unknown potential difference against an adjustable, 
measurable potential difference. 


principle 


l|» 


R, K 



R k uniform wire AB of length 100 cm, 

which in more accurate instrumeots 
is 1000 cm, is permanently connect- 
ed to the terminals of a source of 
£i* The current through the 

0 I wire can be varied by means of 
an auxiliary adjustable resistance Rx 
in series with the wire. If terminal 
A is connected with the +ve termi- 
nal of battery there will be a continu* 
p ^ IQ OU 3 fall in potential from A to B 

^ ‘ along the wire. Consider a source 

of emf ta in such a way that its+ve pole is connected to A and its 
negative pole through a galvanometer C? to a contact sliding on the 
Wire, emf of this source is less than the potential drop along 

the wire AB^ it is always possible to find X on the wire at which 
galvanometer shows no deflection. At this time the potential drop 

along AX is equal to the emf of the second source, we call the 

potentiometer as balanced and the point X as the balance position. If 

the wire is uniform and its properties are not affected by altering 

Its electrical potential, the potential difference between any two 

points m the potentiometer wire is directly proportional to the 
length of wire between them. 

To compare emf ’■ and g, of two cells, these cells arc 
connected in turn to the galvanometer by means of the two-way key 
and the position of balance point on the potentiometer wire is 
obtained for each cell. If the current through the potentiometer 
Wire remains same in each case, then 

S*/ £i = li/lf, ..<(68)' 

To measure the emf ora potential difference accurately a 

standard cadmium cell {emf=^l.0l864 volts at 20°C, roughly taken 

l*ui6 volts) is used to standarise the potentiometer wire, f^® 

potential drop per unit length is thus measured with the help 
standard cell. 

To measure the internal resistance r of a cell the 

emf £ is balanced against a length /i of the potentiometer wire. 
Now known resistance R from a resistance box is placed across the 
cell. The potential difference across the cell will thus fall to K 
It is now balanced against a length /j of the potentiometer wire. 


S“p/, and F=p/,. 

Since the current in the circuit / is given by 
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<= 




r+/? 

R 


V 

R 


/i"/. 


-R. 


...(69) 


V It 

The calibration of an ammeter is done by using it to 
measure the current through an accurately known resistance R. The 
K produced across this resistance due to the current / passing 
through it is measured by the potentiometer. The current must be 
VjR against the readings in the ammeter. 

For this purpose the connections are arranged as shown in 
Fig. 6.20. With the plug in the gap 1 of two way key K the eraf 

6 of the standard cel! is balanced against the pd across a length 
h (1018 cm for easy calcula- 

A ? _ \ Jtt « _ 


tions) of the potentiometer by 
adjusting rheostat Rx. Now 
the potential gradient, of the 
potentiometer wire will be 

The key K is then 
switched to position 2, the 

potential V across the resis- 
tance R is balanced against the 
length /j. Thus the current 
through the resistance R is 


R 


iO 


000 

1 I 

A 

1 i 

u 



^2 
-|l|l 


Fig. 6.20. 


...(70) 


'S generally taken as 1 ohm, /. = 101 8 cm for 
cadmium cell hence current /=/sX 10“® volt/ohm. By chancine 
current through R by means of the rheostat J?., several sefs of 
observations for different values of pd across the resistance R are 
taken. The ammeter readings are also noted at the same time In 
this way calibration of ammeter can be done very easily. 

-To determine the value of an unknown resistance a 

f ! is allowed to pass through the 

by mea“ns ofa ^ '' determined 

by rn cans of a potentiometer, accurately calibrated by using a 

standard cadmium cell using the ciruit diagram as sholn in Fig 

6.20. R may be calculated with the help of the Eq. (70). 

rpn..: resistances, the standard source is not 

meter potential gradient of the potentio- 

tinna^ Potential difference across a resistance is propor- 

tional to the product of its resistance and the current passine 

'V resistances will be equal to the ratio of 

the potential differences across them when they are each carrying 

he same current, hence the ammeter is also not required. a>nnec^ 

tions are made as shown in Fig. 6.21. A steady cumnt I is allowed 
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to pass through the resistances Ri and to be compared by 
connecting them in series. Now 
let the higher potential termi- 
nal of the resistance, one of 
say Rx, be connected to 
the variable terminal C of 
the potentiometer in dial 
type and to the terminal A in 
10 wire or simple potentio- 
meter and the lower potential 
terminal through a galvano- 
meter to the jockey J of the 
potentiometer. Then if/j be 
the length of the potentiometer 
wire between C and J for no 
deflection in galvanometer, the 
potential difiference. 




( >- 


Fig. 6.2L 


R 


2 


...(0 

If similar observations are taken for the another resistance 
then 


RilR^^lJk. ...( 71 ) 

At least six sets of observations are taken in the same manner 
by sliding rheostat Rn\ 

To determine a low resistance by means of a potentio- 
meter, this unknown low resistance r is connected in series with a 
known resistance R and this combination is connected in series with 
a battery and a rheostat. The higher potential terminal of the 
resistance R is connected to the variable terminal C, the lower 
potential terminals of resistances R and r respectively through a two- 
way key and a galvanometer to the jockey of the potentiometer. 
First of all the potential difference across the resistance R is 
balanced by the length /j of the potentiometer wire and then the pd 

across the combination R+r is balanced by the length /g. Thus we 
have 


• • 


and 

Vi _ R /, 
or r 


6.22 


Fa R + t 

ELECTROLYSIS 


/, 


2 



-I ] R 


...(72) 


The phenomenon associated with the passage of electricity 
through liquid conductors was first studied by Faraday. The 
molecules of a salt in a solution are supposed to break up into 
two parts of opposite charges, called the When an electric 

field is applied between two rods (or plates) immersed in the 
solution, these ions move towards the rods (electrodes) of opposite 
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potentials. This phenoi 
electric current is called 
electrolyte and the vessel 
called voltameter. 


lenon of transfer of charged ion? by an 
electrolysis. The solution is known as 
containing electrodes and electrolyte is 


Faraday has formulated two laws : 

(0 The mass of an element or ion deposited or liberated at 
an electrode during electrolysis is proportional to the total charge 
passing through the electrolyte, /.e., m ^ Q o\ m~Z (//). H re the 
constant Z is known as electrochemical equivalent of the element. 

(2) This mass is also proportional to the equivalent weight 

'E of the element. This law also tells that ihe same quantity of 

electricity is needed to liberate gram-equivalent ol any substance. 

This quantity of electricity is generally relerred to as one Faraday. 
Thus 


1 Faraday=96500 coulombs^E/Z. 

Two theories have been given to explain electrolysis pheno- 
menon. 

(a) Grotthus Theory. Grotthus suggested that each mole- 
cule is consisted of two parts of opposite signs. When a potential 

aittereuce is applied between the electrodes, the molecules arrange 
themselves along rows with ail + ve ends toward cathode and-ve 
ends toward the anode. Thus a certain potential difference is 
ccjuired to bring the electrolysis phenomenon. But experim ntally 
It IS observed that even a very small pd can produce electrolysis. 

(ft) Dissociation Theory. According to Arrhenius (1887) 
the molecules of the dissolved substance break up into atoms and 

Sese otorii?are"r"‘ bttwfen the molecules 

an e ecu?c fic ,1 even bef.re the application of 

hydrooen (usu-llvl h known as luns. The metallic ions and 
tive When the ^"<1 ‘he nonmetallic ones nega- 

electroWte r sfv . "PPhe^ acres; electrodes dipped into the 
cation l\u\ the n cathode, hence called 

electrodes, leaving" iLXe atSs!’'' 

solutio^nca?beexpr1tS"'as ^ potassium chloride 

...(73) 

complete are the dissociation solution the more 

of the dissolved substance dissociate ^ ‘ molecules 

electrolyte. The degree of dissociation 


KCl ^ K^+cr. 
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a= 


Number of dissociated moleculea in a solution 




Total number of molecules in a solution 

explained with the help of electro- 
the molecules are held together by electro- 

thk fore/ n^f '°n ' molecules are immersed in a solvent, 

pH from o' (^creases, as the dielectric medium is chang- 

mor,. H solvents of high permittivities have thus 

more degrees of dissociation. 

th.f Conductivity of an Electrolyte. It is observed 

iDPtai f which the electrodes are composed of some other 

metal not chemically acted upon either by the salt or acid, back 

emf 6 b is produced and the current is thus proportional to (V-^b). 

/ ‘h® current density is low and the applied 
potential is of very low frequency. 

or,i application of pd between the electrodes dipping into 

?elSv°°’wh i and will reach V^tcrminal 

fh J /his terminal velocity depends upon the size of the 

ion, the potential gradient and the viscosity of the solution. 

Let n be the number of molecules per unit volume of solute in 

a solution and «At the number of molecules dissociated. Let u be 

ve ocity of the cations (+ve ions) and v the velocity of the 

anions ( ve ions). If the electrodes are assumed as parallel planes, 
then on applying a pd between the 

electrodes, nau cations and nav 
anions will pass per unit time per 
unit area of an imaginary plane 
fG- If 9 be the charge on each 
ion, then the current passing per 
unit area will be na (u+v)g. Hence 
in unit time ncc (w+v) cations must 
be deposited on the cathode and 
the same number of anions on the 
anode. As the number of cations 

reaching the cathode per unit time 

per unit area is nau and that of 

deposited at the cathode is rta(w+v), hence the excess number wav 

electrolyte in the immediate neighbourhood of 
rp. . ^ ' oeiefore the electrolyte concentration must decrease. 

Thl cations must leave a similar number of anions. 

anions move towards the anode and decrease electrolyte 
^nceniration in the neighbourhood of the anode in the similar 

*0^9 in concentration in the cathode region 
Hat in anode region is v/w=aiobility of the negative ion 

A:n/mobility of the positive ion k^, 

concentration C of molecules is used, then 

current density 

7=Ca(M+v)^. ...(75> 





n<<v 


Q-- 


— a- 
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As ionic mol»iity is defined as the velocity of the ion acquired 
under unit potential gradient, hence for the potential gradient E, 
we have 


...(76) 


u^Ekj, and v=Ek„. 

J=Ca.E(kp+k„)q, 

or the specific conductivity c=jlE^Ca(kt+kn'q. 

The ratio olC—a.{kf+k„)q= £i,=Equivalent conductivity. 

For dilute solution a=l and A = Aoo. 

A/Aoo=a. ...(77) 

Hence the degree of dissociation “ for a solution of any con- 
centration is found from a graph of A against concentration C. 

The specific conductivity can be determined by using 
Kohlraush’s bridge, will be discussed in chapter 12. 

6.23. Voltaic cell 

Voltaic cells are simply electrolytic cells in which the electrodes 
react with the electrolyte in such a way as to produce an 
internal emf. For theoretical purposes the cells are classified as 
reversible and irreversible. The former is one which may be 
es ored to its original condition after discharge by passing a reverse 
current through ir. It requires same energy for charging as obtained 

discharge. In irreversible cell, some chemical action 
taJces place in the course of working which can not be reversed bv 

f direction. For practical purposes the 

S discharfe*nnl H Secondary. The former are used 

tor discharge only and arc not necessary reversible. The latter often 

called a storage cell, are necessarily reversible. 

were chemical reactions within the cells 

rneriiv the emfnf«'^^i°^ equating this with thermal 

energy the emf of a cell can be calculated. Let H. and //, are the 

heats of reaction at the two electrodes due to the unit charge pass- 
ing through the cell. If the emf of the cell is ^ and , Sg? Is 

KSS'E'; "" j»“" I'.aling o.n 

Energy liberated J (//i ~//,)9 = Energy consumed ^q. ...(78) 

From this equation emf of the cell g can be calculated. 

Let us apply this equation to a Daniel! cell he-rinn in 

h^formalioiroTl em coulombs, corresponds to 

atomic weight of Zn is 65.37 and itlSen\her^^^^ 

Hi— 1670x 65.37/2=54584 calories per gm equivalents 
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It can1,V5M^r^- deposited from CuSO, solution. 
hence°^ As atomic weight of Cu is 63.57 and it is divalent^ 

Hj 909.5x63.57/2=28908.5 calories per gm equivalent. 
4.18[54584-28908.5]=96500 g or g=l. 112 volts ...(79) 

iispr! Equation. In the above theory we have 

mentflllv thermodynamics. However, it has been experi- 

If flip iX, ermmed that a cell has a temperature coefficient of emf. 

Cell flofts Very slowly, second law of 
applied and the cell can be assumed as 

reversible engine. 

cuif anH^f external cir- 

^^^ived from the 

^e^entpH r the circuit. This is 

presented by AB in an indicator diagram The cell will absorb 

an amount of heat h to keep its tem- 
perature constant. 

If the cell is thermally insulated 
from the surroundings and allowed 
to send a small charge round the 
circuit. In this process the cell has 
to use its own energy and hence 
temperature of the cell falls and 
therefore emf will also fall from £ 

to ^-{d^ldT] 8 t. The change is 

represented by BC. 



Q 


Fig, 6.23. 


Now let the cell is maintained 
at this new temperature T—^T in 
an enclosure. If q be the charge 
passed into the cell by means of the externa! circuit of infinitesimally 
greater emf so that the rate of flov/ of charge is very slow. It is 
represented by CD. If the cell is restored to its initial position At 
then the work done in a complete cycle. 

= H^i-H^2=Area ^5CD=^. {d^ldT)ST. 


For a reversible cycle 
JVi~W 


2 


Ti-F 


Wi 


2 


Ti 


or 


q(d8ldr)ST !Z1 


h 


h=qT(d^ldT). 


or 


...( 80 ) 
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or 


Thus the Gibbs-Helmholtz theory modifies the Eq. (78) as 

T{d^ldT) =^q 

S=JH+TU£m. ..., 8 ,) 

. This is known as Here H=H.^R 

It IS clear from this equation that for d^ldT=-Q it is same 
Eq. (78). 

■ K the beat must therefore be taken 

to keep the temperature constant. Thus (he cell will 
cool while giving a current. ^ 

f ' therefore be taken 

out by tVie cell to keep the temperature constant Thnc th 

ture of (he cell will increase wh^le giving a current 

p Exercises 

silver ""rwhlh ha?'nfn% for the electrons in a 
amperes. Also find the curren^detit/in'ZZir''^ ^ 

We know that i=nqv. A=nqvA. 

but. r," t. cou,ri. 

gm. of silver) has 6 023X10^8 atomrif^h H'” r’''®'' 

™‘ 'SL'H'tSr “ '0-5 iu. 

108X10-3 X 10.5x10 ®x 10®=5,856x 10^® per m®. 


n=- 


Cross-sectional area of the wire ^ = :x;.2 = 3 j 4 ^ jQ-e 

• 

Drift velocity v = — = — 

nqA 5.856 X 10^8 x].6'x' 


I0-i»x3.14xl0"« 


— 6.79x 10“^ m/sec 
and current density 7=//^ = 2/3. 14 x 10“6 

= 6.37 X 10® amp/m®. 

Example 2. In a copper wire of cross-sectinnni nr^n 7 2 

Xr' isfiomng. Calculate the rms velocL'^ffiee 

electrons at 27 C Also prove that the drift velocity is very srriall in 


We know that the root mean square velocity 




_ . / 3kr 

m 




3 X i.3ax 10*23x300 


1.17 X 10® m/sec. 


9x 10"^i 
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Drift velocity is given by the relation v<,=— 

Current density /=//^=30/2 x 10r*= i.5x 1,0» a 
< the number of free electrons per unit volume. 

n = 6.023 XlO«x 8.9 X 10«/63 =8.48 X 10^®. 


ip/m®, and 


Drift velocity 8_48 ^ iqssx i.6x lO-” 1.1 X lO'* m/sec 


• * 


Thus we sec that the root mean square velocity te about 10® 
times greater than the drift velocity of free electrons in Cm, 


Example 3. An aluminium wire whose diameter is 0,245 cm is 
welded end to end to a copper wire with diameter 0,1626 cm. The 
composite wire carries a steady current of 10 ampere, (a) What is the 
current density in each wire ? (b) Find the drift speed of the elec- 
trons in copper wire. 


Assume one free electron per atom in copper. Given Avogadro 
number“6x 10^^ atoms per gm mole, ^lolecular weight of copper 
^64, density of copper=9 gm/cc. 

(m) Since the came current is flowing through Al and CM-wires 

the current density will vary inversely with their area of cross- 
sections. 


{/4i)Ai=’5ri*-=3.14x(0.245X 10"2/2)*=4.711 X 10’® 
and (/4,)cu==7cr8=*=3.14x(0;1626x 10-72)*=2.075x 10-® m® 

Therefore the current densities in these wires 


JM 


I 


10 


Al 4.711X10”® 


2.122x10® amp/m* 


and 


i 


10 


At 2.073 XlO-« 


— - =4,819x10® amp/m* 


^ (b) The number of electrons per unit volume n in copper wijc 

IS related with the Avogadro number iV, Af the molecular weight 
of Cm and d its density as 


dir 9X6X10*® 


” M 


64 


= 8,437x1022 electrons/cm 


— 8.437X 10*® electrons/m®. 

Since the current density j is related with the drift speed as 

J^nqv 


V - Vci. 4.819xl0« 

nq ^.437xl02»X 1.6X10'*® 


=3,57X10-® 



« or 
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there are lU** free electrons per cc 

’Oil of which contrlbuie to a current of 1 amp in a wire of Cu of 0 01 
em- cross sectional area. Calculate (/) the average drift speed of the 

m ‘hewL Li,,o}'cu^ 

Drift velocity v — ijnqA. 

X 10-J " = 10“ electrons/m'. A=Q 01 

Xio «m* and charge on the electron ^=1.6xl0"'» coul. 


• • 


V= 1 / 1 0-^« X 1 .6 X 1 0-« X 0.0 1 X 1 0-*= 6 .2 5 X 1 0-4 m/sec. 
We know that j=a£' or £’=py=p//^. 

£'=1.7X 10-«xl/(0.01 X 10-4)= 1.7x 10-* volt/m. 

nnH CM ^Tfc™**** ^ean time ~ between collisions 

and (b) The mean free path for free electrons ih copper. 

We know that the mean free time 

A n, 9.1xl0-=» 


m 


(8.48 X 10^“) (I.^x 10"i9)2 (j jx 10"®) 


Vao 

=2.46x10-^^ see. 

Here the use has been made of example 2. 

A=tv,.=2.46x 10->‘x(1.6x 10.) 

= 3.94X m. 

^ of a certain metal Is 100 cm long and 0 

T:i;v.rofttuf2 

Resistivity of the material p=RAll 

«=2.87x 10"* X 3.14 X (0.275X10'*)* 

=6 8x 10 ® ohm-meter. 

It is the value for nickel, hence the rod is of the nickel 

Resistance of the disc. 7?=p//^=6.8x lO'^x 10-«/(3.14x lO'*) 

= 2.16x10-’ ohm. 

Example 7. A vacuum diode consistt nf >. . 

electrodes separated by a distance d a^d each having areTj 

current i flows through the diode. Assuming that “ 

des, calculate electron veheity v and charge femitt ^ 

between the electrodes. ^ P ««>' Point 

•currenT^ neglecting the effect of space charge. Thus for steady 

divj=o or «y./a^+fiy,/ 0 >+ 0 y./ 0 ,=o. 
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d 

/| 




Flow of electrons is from cathode to anode only in one direc- 
tion. If it is taken in x-direc- 
tion only, then jv=0, jz=0 and 
^Jaldx=6 or7a=const. or indepen- 
dent of a:. We know that 
where Vx is the velocity of electrons 
at a distance x from the cathode 
and fix is the number of electrons 
per unit volume at this distance. 

Force acting on each electrons 
=eE=eVld. 


Acceleration on the eltct- 
Tonsf=Flm^eVlmd. 

Thus the velocity of electrons 
at a distance X from the cathode is 
given by 

Vx^—O+lfx—leVxImd 


I V 




V=0 I ' 



Fig. 6.24. 


or 


V leVxlmd. 


• 4 


Current i—jx A—erixVx A=ertx A ^2eVxjmd 


and space charge density po:=enx=i mdlleVxA^, 

Example 8. The region between two concentric spheres of radii 
a and b is filled with a conducting material. The inner sphereiis 
maintained at a potential Va and the outer at a lower potential Vu 
there is a current in the radially outward direction. Calculate the 
electric intensity at any point with in the material. 

Let us consider a cross-sectional area ^ at a distance r bet- 
ween the spheres. This resistance Ai? due to the material of 
thickness Ar is 


A i?== p A r/^ = p A r/47rr^ 


^ 47r ,.2 - 


1 


4r: 


-iJ 

As the current between the spheres i^(Va—yb)/E, 

hence current density at any point on the sphere of radius r is 

J=i/A=^(Fa-Vb)/47tr^E. 


Thus the corresponding electric field £=py= 


r\l/a-l/b) 

It can be proved very easily that it is same as electrostatic^ 
field between two concentric spheres placed in vacuum. 
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conductivity is constant, the 


in the resistance of the strip ABCD (shown 

w tig, 6,25) between electrodes CD and AB. 

In the medium where the 
potential equation is V*F=0. In 
polar coordinates, F=c0 is a 
solution of V^F=0, if c is a 
constant. Equipotential surfaces 

are given by ^=const. The field 
IS given by E=-grad Fand hence 

E dr in the direction _L to the 

radius vector. Hence the solution 
for the flow of current in a thin 
strip bounded by any two con- 
centric circles and having the lines 
AB and CD electrodes will be 

j = aE 

’ ■ 3 = oE= — (jclr. 

Hence the total current leaving AB is 



i I J . fifS ^ t dr=^ — cat log, 


a 


where t be the thickness of the strip. 




/ electrodes AB and CD is ca where 
LAOC, hence the resistance of the strip is c , wnerc 


/? = 


ca 


a 


-cot log, (b/af'" at log, (bla) ' 

=;S=;iS5^; zH~?K'V 

the most efficient wav nf ^ ,r produced, prove tha> 

parallel arcs, each containine n lamn, ‘I 'hem in 

to (NRIryi^. ^ lamps, where n is the integer nearest 

arc is^nr"and^[L" numbe"r'"of'’arc”^s’ 'ni'o ' o*" 

given by ^ i 'tal resistance 5 is 


J 

S 


1 


I 

nr 


or S 


n^r 

N 


Total resistancc = 7? + 5=y?+„V/^, 

and in the each arc i^ U p - l. c ^ a/’ tj 
passing through each lamp 'iC,AV?+5)M Hence the current 
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i= er , jiLT. 

NiR+n^r/N) 'ITL n iV J 

The heat produced per sec in the lamps is H^Nri^ and the 
light emitted is proportional to Therefore the light produced 
is maximum when and hence /f is maximum or factor Rln+nr/N 
is minimum. We can write 



It is minimum when \/(R/«)~-\/(wr/^)=0 or very small orn 

is closely equal to 

Example 11. A cable AB of hngth I of uniform mre develops 
a leak at a certain point. To locate the fault two observations art 
made. The resistancL betwetn A and the earth through the cable when 
B is earthed is found o he that of a length a of the wire and that 
between B and the earth when A is earthed that of a length b. Shovt 
that the point at which the fault exists divides AB in the ratio 
(1 {l-~a)yt^ and find the resistance af the leak. 


Let p be the resistance per unit length of the wire. If the 

fault exists at a distance x from the 
end A and r is the resistance of the 
leak. 

(a) When B is earthed. The 
resistance between A and the earth 
Fig, 6.26. through the cable 



R=x^ + 


\lr+\/f-x)9 


=ap (given) 


or 


> =-i . 1 

— x) r ^ (l^> 


pfa— x) r ^ (/— Ar)p 

(b) When A is earthed. The resistance between B 
earth through the cable 


...(/) 

and the 


^'==(^~^)P+~ l/r+l/xp 

or 1 = 

pib-'l+x) r ^ xp 

Eliminating r from Eqs. (i) and («), we get 

111 _ 

p{a~x) (l—x)p ~ p(i>-./+x) 

or r 

i—x L bU—a) J 

For the second part of the question, let us 

ratio jf/{/-jc)=/t, or x=^//(l+ft). 


xp 


..Mi) 


assume that the 
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or 


Of- in E,.,/). we 

1 t 

pt'J f^>/(l+f^)]U~iJ/(r+Ji)] 

’■=p/[a(l +A.)-;./j/(l 
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‘ * r*/ — uj. 

Example 12 / 

«?;“s ' ^r/f '“s rf*4 '^7 “ " “ 


cosh iRjryi^ I si,/, 


Assum' U—x). 

Se ^,d ^ IL"” fro"' "‘^ '““"““M 

. . / ^; \ ' 




di 

dx 


Sjc 


r 

5 ;c 


i/jC 


JPor the element of the cahi- f ^ 

/ ,0 x+S;., we get 

f j/ dV ^ \ 


•••(/) 


or 


=/ 7 ?S^, 


or 


PI- . -dVIdx^iR, 

wage, 

' L R dx \ ]i 
^ ^ldx'^{Rlr)y 

The solution of this equation is 

^=-4 cosh (/<?,V)i'a r 4 . o • , . 

If I'=K„. when .-0 . ^ iRlry'*x. 

u» ttiicij ^ — 0 and l /~~. f \ \. 


•••(h) 


•• •(«//; 


J._ — we r 

Example 13 , ^ ' I S'nh (/?/,):/« 

resistance 2 fl a f o 

sources being ^'^rtnccied to the ^ 

^otculate the rogeiher, of emf n' 
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Consider the clockwise direction as the postive direction of 
current. 

£'3=-18K 

/. ZE=nV-\lV-=6V. 

Hence the current in the 
circuit 

I=SeIER = 6I^^\,5 amp. 

The rate of energy conver- 
sion in source Ist is £if=12x 1.5 
= 18 watts. Within this source, 
electrical energy is converted to 
non-electrical energy. The rate of 
dissipation of energy in source 
1st is y*ri=(1.5)5x2=4.5 watts. 

Total power input to source l8t=18+4.5=22.5 watts. 

The rate of energy conversion in source 2nd is £’|/=18xl.5 
=27 watts. Within this source, non-electrical energy is converted 
to electrical energy. The rate of dissipation of energy in source 
2nd is 7^2=4. 5 watts. 



Power output=27— 4.5=22.5 watts. 


In the second part of question, when the 
ted with unlike terminals together, the current 


sources are connect* 


/=i:£/i77?=-30/4=-7.5 amp. 


Non-electrical energy is converted to electrical energy in both 
sources. The rates of conversion are respectively. 

£'j7=12x 7.5=90 watts and £'27=18x7.5=135 watts. 

The rate of energy dissipation within the resources are respec- 
tively 7^1=112.5 watts and 7V,= 112.5 watts. 

Total rate of energy conversion = 225 watts. 

Hence the power output of source 2nd is 135-112.5=22.5 W. 

This equals the power input to source 1st- Hence we see that 
the power output or input remains same and does not change with the 
change in polarity of a source. 

Example 14. Using Kirchhoff*s laws, find the current in each 
branch of the circuit shown in Fig. 6.28, 5 volts, V 2 ^ 2 volts, 

Ri=8 ohms, R 2=2 ohms and R^—4 ohms. 

Applying Kirchhoflf 's first law to the point represented by the 

dot, we get 
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h+h-h-=Oor + 

Assuming the sources of 
resistance and applviac 
second law of Kirchhoff’s tp both 
the loops, we get 

and /a/?g + ( i\ 

Solving these equations for 
h and we get 

{ — Ra) — y^R, 

+ ^i/?j + R^R 



AAVVVVVAA 1 


R 


WV/iAVv 

R. 


i 


'WsAAWaA 


and 


f2-= 


Substituting the numerical values, we get 

'i= 11/13 amp. and /, 


fig. 6.28. 

f»(fl + Rr)-KR, 

RiRi + RiR^+R^Rt 


- = —3/13 amp. 

r^?i!itance,fmmthe'edges*ofa7ubf 

*v/res if a battery h connected i ill currents carried by the 
vertices of the cube. ^thout ^extra resistance to adjacent 




By symmetry and KirchknlT’ r , 

currents in various parts of the ? fi'si law the distribution ol 

crTcuit 13 as shown in Fig. 6.29. If 
C l^c cmf, r the internal resis- 
tance of the battery and R the 
resistance of each edge of the cube 

Pr applying Kirchhoff’s 
second law to the mesh ASDA, we 

get 

(ar+2y)r+af/?=g 
we haJe°' ^*°'*'‘* ABCDA, 

, yR+^R+yR-xR=-Q 

{2y+z)~x=Q or x={ 2 y+t) ...(//) 

Por the closed loop BFGCB 

4(y-2)-g=.o or y=5z/4. 

Substituting this value in Eq. (/;), we get 

ar=5z/2+»=7z/2. , . 

Substituting the values of ar and y in relation (1). we get. " 



fig. 6.29. 


or 


(hA-2 . 

2=2£/(7/?+12r)^ 
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7R+i2r ” UR+2Ar 

Hence current along AB, AE, CD and HD 

$ 

^y=i^l{\AR-\-2Ar). 

Current along BC and EH=z=-2^IOR+nr). 

Current along BF, EF, GC and GH=y-z=S/([4R+24r). 
Current along FG^2(y~z)=S/(7R+12r). 

Current through the battery=jc+2>=12£/(7i?+l2r). 

1® of resistance R ohm 

fht cube. An electric current enters 

rnrJrn7'^t diagonally opposite 

corner. Calculate the total resistance of this assembly. 

wirp. the Skelton cube formed by Twelve equal 

wires, each of resistance i? ohm. Let the current entering at the 

corner A add and leaving 
at the diagonally opposite 
corner G be L Since the 
resistance of each wire is 
the same, the total current 
I is divided at a point A 
into three equal parts, 
/.e., 7/3 along AB, AE 
and AD arms. At points 
B, E and Z>, this current 
is further divided into two 
equal parts, so that the 
current in each of the 
arms BC, BF, EFi EH, 
DH and DC is 7/6. At 
points C, F and H, the 
currents combine, so that 
the current in each of the 
arms CG, FH, and HG is again 7/3. These currents combine 
again at point G, such that the current leaving at point G is the 
current entering at point A, i.e,, 7. 

Let ^ be the potential diflFerence between the points A and G. 

Applying Kirchhoff ’s second law to any one of the paths between 
these points, i.e,, ABCG, we get 

kfR+yR+ilR=Q=l 

where R^q is the equivalent resistance between the corners A 
and G. 



• • Req — 7?i7?+6/?4‘ 37? = 6/?. 
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Example 17. In a Wheatstone bridge, which is nearly balanced, 
the resistances of the arms are 1000, 10, 1000, 100.01 ohms. The. 
cell has an emf of 2 whs and the negligible resistance. The gahano- 
meter has a resistance of the 10 ohms and sensitivity 0.5 cm per 0.1 
fSA. Calculate values for the galvanometer deflections in the two 
possible arrangements of cell and galvanometer. 

Let the bridge be arranged as shown in Fig. 6.31 (a). The 
fro?thVceir^^^^ current 

^“€/^=2/IOO=0.02 amp. 

By Kirchhoff ’s first law, we get 

^=^i+/i or /,=o.02-/i. 

nr-no'^ applying Kirchhofif ’s second law to the loops and 

1 SL.U 1 S we get 

100/1+ 10^,- 1000^0.02-/, )=0 

10 (/ i -/,)- 100 . 01 ( 0 . 02 -/ i +/,)- 10/„-0 

Solving these equations, we get 

/b= — 1.49— 10“’ amp=— 0.149 pA. 

♦V, ® r''® indicates that the current is from D to B 

through galvanometer. 


Deflection in galvanometer coil 


=(0.5/0.1)x 0.149=0.745 cm 


- ^9 


100 


G 




D /j+l 


lOOOJ 


2 ■ ‘g 


100 




h-H 


1000 


h+h 


lOO'OI 


ia) 


Fig. 6.31. 


( 6 ) 


from celllS *3^10' interchanged, the current 

Fig. 6.3,. (W. % KSho"l?i 
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0.02=/i+/, or It=-0.02-li. 

Applying Kirchhoflf’s second law to the meshes /45Cy4 and 
ACDA. 

lC0/i+ 10/„- 10(0.02-/i)=0. 
and 1000(/,-/„)-i00.0I(0.02-/i+/,)— 10/„=0. 

Solving these equations, we get 

/„=-!. 50x 10“» amp=-0.15 M. 

Hence ihe current through the galvanometer flows from 
C to A. 

Deflection in galvanometer coil=0.75 cm. 

Thus we see that the current through the galvanometer is 
practically independent of the arrangement of the cell and the 
galvanometer. After calculating in both the arrangements, it 

rioted that in the first ii. stance the current through 

100.01 U (unknown resistance) is much less than in the second 
arrangement thus a correction for the effect of joule heating will 

ipade, if this resistance has a large resistance temperature 
coefficient, in the second arrangement. 

Example 18. A tetrahedron frame ABCD is formed by six 

of opposite edges being equal. Prove that the 
whole resistance of the frame for a current entering at A and leaving 
p is (rir,+2rirt+rar8) rJ2(ri+r^) (rj+r#), where rx is the 
t>f A B or CD, /*, that of AC or BD and r% that of AD 

or BC. 

By the help of Kirchhoff’s first law the distribution of current 
IS as shown in the figure. By apply- 
ing Kirchhoff’s second law to the 
mesh ABDA, we have 

+ r, (/— A— /g)=0. 

For the mesh ACBA 

r'ifi+r’a/j— ri/i=0, 

For the mesh CDBC 

rg/,=0. 

On rearranging, we get 

(r’l+r'a+r*) /i+r,/,+rt/j=r,/, 

— r'i/i+rt/a+r8/o=0, 

and -rafi+ri/.-fri-f ra+r,) /,=0. Fig. 6.32. 

Solving these equations, we get 

Current through AD=I-L-/,= 

2(ri+r,)(/-,+r,) 


C 
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0 


//?= (/-/j - r r 

2(r, + r3)fr3+rs) 

^=^''i''3+''2^3+2ri/-2V,/2(ri+r,)(r2+/-3). 

each bridge has three arms of ]() Q 

resl!tancfa wnn Z^lu\ ^ galvanometer 

sistance as JOO Q and the battery resistance as negligible. 

The given resistances. 10, 10, 10 
and ll£i form the four arms of a 
Wheatstone bridge. There are two 
possible arrangements of galvanometer 

and battery. Let us solve the problem 
Pjg®g3^“ ^^''angement shown in 

If/ be the current in the bettery 
f™’ and L along BD, 

ciirrp first law gives the 

F^o U" shown in 

seronHi' applying Kirchhoff’s 

second law for the mesh ABDA. 

iiX IO+/5X 100— (/—/j)x 10 = 0 

or 20i,+ l00/,-10y=0 

for the mesh BC/)B 


(0 



c 


Fig. 6.33. 


■ ■ • (//) 


for the mesh 4ECDA 

U-ii)x 10+(/-/,+/^)x 11=2 

-21 /i+ll /^ + 2i 1^2 

Solving these equations, we get 

231 . _ , 

2315 ’ and / 

^.il5 2315 

Therefor. , be 

^3 1 232 220 1 4S7 

2315 ' ^ 


• ••(Hi] 


/l= 


452 


amp 


and EA are 


2315 ' 


2315 * '2315 


and 


2315 


2315 ’ 

amp respecfivity. 
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potentiometer wire is of manganin having resistance of 11.5 ohmlmeter. 

A cell gives a null point at 690 cm. If a resistance of 5 Cl is put in 
series with the potentiometer wire, find the new position of the null 

Length of the potentiometer wire=10 meters. 

Fall in potential per meter=p=2/10=0.2 F/w. 

As the cell gives a null point at 690 cm, hence its emf 

=P/=0.2X 6.9= 1.38 volts. 

Resistance of the potentiometer wire=l 1.5x 10=1 15 ohms. 

When a resistance of 5 is connected, total resistance be- 
comes 115 + 5=120 ohms and the current /=F/R=2/120 amp. 


Potential fall per meter 


11Lx2X J-=~2Lvlm 
120 10 120 


then 


If /' be the position of null point on the potentiometer wire. 


_ 23 1.38x120 

^ < — 1*38 or / = TT =7.2 meters. 


120 


23 


Oral Questions 


1. Name the physical quantities which are scalars but represented by 
an arrow in diagram. 

2. What is the distinction between drift and rms velocities ? 


3. Find the effect on the electron drift velocity of (a) doubling F, (6) 
doubling I and (c) doubling d in a wire of length /, diameter rf 
across which a potential difference Fis applied. 


4. What is the physical meaning of nondivergence of J ? 

5. When current passes through a conductor, which of the two i or / 
remains constant across every sectional area ? 

6. What do you mean by non ohmic resistor ? 


7. 

8 . 

9 . 


A current / enters the top of a coppor sphere and leaves at its 
diametrically opposite point. Whether the energy is dissipated 
equally from each point of the sphere ? 


The Joule heating in a resistor 
r^ations F =/2 R^V^jR, How 
effect of resistance, so appreared ? 


known to very according to the 
do you explain this different 


^ving some other examples, how can you explain that current is 
9 through a resistor ? What is lost in this 

waSC ; 


charged to the same potential when one 

^ leading from the two plates of a charged 

if 2^ sensation of shock given to the body 

IS greater for a capacitor of higher capacitance ? 
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11 . 


12 . 


Why do you not use wire wound resistors in high frequency 
assembly ? o 'i > 

What is the most important point which must remain in your 

mind while using Post Office box for Mance’s and Thomson’s 
methods ? 


Problems 


V 

\ 


^rift velocity for the copper wire of dia, 0.064 inch 
when a current of 10 amp passes through it. (3.6x10'^ misec) 

electron of a hydrogen atom is considered to be revolving 

round a proton m a circular orbit of radius ti* with a velocity eVli 

Find an expression for current, the circulating charge is equivalent to. 

of 1 having a cross sec-ion of 0.01 cm^ carries a current 

o 1.0 ampere. If the number of free electrons in copper is 8 Ox IQt^'cma 
calculate the average drift velocity of free electrons. (0 7S x /0-4 ^ iec) 

thronat' discharge tube 2.9xlO'o Ne* ions move to the right 

move to the urf- second, while 1.2xl0'8 electrons 

the current ma.gnitude and the direction of 

(2.384 amp, left to righty 

in 7S min a diameter carries a charge of 90 coulombs 

min. Silver contains 5.8 X 10-- free electrons per cc Calculaip (ti\ 

metm W velocity of the electrons in wire in 

0 2 cm Tf ? parallel to the cathode at a distance 

cathode calculate the v^l r ‘^,“PP''ed to the anode with respect to 

the electrodes ' velocity of electrons at the points at the middle of 

(4.2xJ0-<i misec) 

^"’P ^ ohm resistance for 4 min Cal- 

of the reLto? electrons passing in this time through any cross secTion 

(7.5X/031) 

^ steady beam of a-particles travelling with consfant k" on hy ta 
carries a current 2.5x lO'V amp. {^) How many l^ticles fr"L^hf surf^f 

beooni ..''hS's,™;, 1 'f ,is f '• r.£ “ L":s2; 

in -ru 1 {^"^ ohms) 

“I? - -- 

with material whose conductivitf is 6.0x 

mho) 

two eIectrodes%irreU\ance on^hprn example 7 are taken to be 

me resistance of the conductor is changed to (1 aa/) log.(6 a). 
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,u . •?!: fault of given resistance develops in a telegraph wire. Show 

tftat With a given battery transmitting signals, the current received is least 
when the fault is at the middle of the wire. 

14. A telegraph wire joining two places A, B drops from one of its 
supports at a place C and rests on another wire which is earthed at both 
ends. Jt X IS the ratio of the current strength at A to that at 5 when the 
curient in AS is sent from A and ^ is the ratio when the current is sent from 
B, show that C divides .^^in the ratio (l//x — 1) ; (x — 1). 

15. Express the rate of dissipation of energy in a resistor in terms of 
(1) potential difference and current, (2) resistance and current, (3) potential 
dilference and resistance. Energy is dissipated in a resistor at the rate of 40 
watts w'hen the pif between its terminal is 60 V. What is its resistance ? 

(90 Q) 

16. Five points are connected by ten wires, each pair being joined by 
a wire of the same resistance R, Show that the resistance to a current 
entering at one of the points and leaving at any other point is ^ R. 

17. A battery of 6 volts and internal resistance 0.5 ohm is joined in 

parallel with another battery of 10 volts and internal resistance 1 ohm. The 
combination sends a current through an external resistance of 12 ohms. 
Find the current through each battery. (—2.27 amp, 2.865 amp) 

18. A power of 36 watts is to be expended in a resistor connected 
aci oss the terminals of a battery having an emf of 20 volts and an internal 
resistance of 1 ohms. (/) What values of resistance will satisfy this condi- 
tion. (//) What will be the total power expenditure in each case, 

(9 and 1,9 ohm ; 40 arid 360 volts) 

19. A source of emf ^volts and internal resistance r ohms, supplies 
current to a heating coil. Calculate the resistance R of the heating coil in 

terms of r, so that (i) heating takes place most rapidly, (ii) three fourth of 

the total energy delivered by the source goes into the heating coil. 

(r, 3r) 

20. Eleven equal wires each of resistance r ohm form the edges of an 

in^complete cube. Find the total resistance from one end of the vacant edge 
ot the cube to the other. {J ,4 r ohm) 

21. The sides of a hexagon ABCDEF are formed of wires each of 
resistance i? and wires each of the same resistance 2? join .SF and 
40^/29^^^^ ^ue equivalent resistance of the conductors between A and D is 


22. The resistances of three wires FC, C /4 and of the same uni- 
oim cross section and material are a, ^ and c respectively. Another wire 

trom A of constant resistance d can make a sliding contact with FC. If ^ 
current enters at A and leaves at the point of contact with BC, show that the 
maximum resistance of the network is (a+^-f-cK (a'r64-c-h4rf). 

23. A wire forms a regular hexagon and the angular po isare joined 

to tne centre by wires each of which has a resistance Ijn of the resistance of 
a side of the hexagon. Show that the resistance to current entering at 

of the hexagon and leaving it by the opposite point is ^ 
^(/z+3)/(/i+ 1) (n+4) times the resistance of a side of the hexagon. ^ 
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24. Suppose a voltmeter reads the voltage of a very old cell to be 
1.40K while a potentiometer reads its voltage to be 1.55K. What is {a) the 
emf of cell, (A) its internal resistance and (c) the current it would supply to 
a 5 n resistor ? Assume the voltmeter resistance to be 280 Q. 

{1.55 K 30 Q, 0.044 A) 

25. A capacitor of capacitance 2MF, a resistor of resistance lOA/U 

and a battery of emf 100 K are connected in series. The capacitor is 
initially uncharged. The switch is thrown to the up position for 20 sec 
and then quickly reversed to the down position. How much energy is 
eventually dissipated in the resistor ? (70"- Joule) 

26. A nichrome heater dissipates 500 watts when the applied potential 

difference is HO volts and the wire temperature is 8(X)®C. If the wire is 
immersed in a bath of cooling oil of temp. 200®C, calculate the power dissi- 
pated. The applied pd remains the same and a for nichrome is about 
4X10'4/®C- {620 watts) 


7 

Thermo-Electricity 


7.1 SEEBECK EFFECT 

Johann Seebeck discovered that an emf 

could be produced by thermal means alone, in a circuit composed 

f j“"ctions at different tempera- 

tures. This effect is called Seebeck effect, after his name. The two 

SJTf ^ emf produced in a circuit is 

called t/ier /MO emf {thermoelectric motive force) or a Seebeck emf 

and the current in the circuit due to this emf is known as thermo- 
electric current. 

couple, xhe current flows from copper to iron 

cold junciop. Similarly current flows from bismuth to antimLy at 

the hot junciion. A series of metals was given by Seebeck in the 
order that, when a circuit is made up of any two metals in the 
series, the current flows across the hot junction from the earlier 
occurring metal in the series (o the one occurring latter. It is called 
Seebeck s series and is Bi, Ni, Co, Pd, Pt. U, Cu, Mn Ti. Hg, Pb, 
Sn, Cr Mo Rh, Ir. Au, Ag, Zn, fV, Cd, Fe, As, Sb, Te. The 
separation of the metals in this series is the representative of the 
magnitude of the emf to be expected with a given temperature 
di^rence between the junctions. Thus we see that the emf produc- 
ed between the junction of a Bl-Sb couple is greater than that of 
Cm Fe couple. The metals to the left of Pb are called thermo- 

electrically negative and those to Its right are thermoelectiically 

positive. The amount of emf produced for different thermocouples, 

taking lead as one of the two m.‘tals and cold junction at 0°C, is 
given below : 


Other metal Sb 
X 10-^vrC 31 

Thus emf for Sb- 
and for Cu — Fe couple 


Fe Rhodium 
14 2 

Bi couple=3 1- 
=— 3-(+14) = 


Cu Pt Mi Constantan Bi 
-j ~~18 —39 —69 

69) = 100 micro voits/®C 
— 17 micro voIts/°C. 


♦K f ForCu Fti couple, It is useful to remember HoNcoffee indicating 

Cu to Fe at the hot junction. For Bi—Sb couple 
the word ABC is useful to remember. It indicates that current flows from 
*antimony (A) to bismuth (B) at cold junction. 
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COLD- 


Fig, 7 L 


T neutral 


Let US consider a thermocouple of two metals, Fe and Cw 
‘<say). Their junctions are kept cold and hot. If a galvanometer G 
is connected in the circuit the galvano- 
meter deflection is observed which 
corresponds to thermoelectric current. If 
the temperature of the hot junction be 
continuously increased, thermoelectric 
current increases until maximum value 
is reached. The temperature of the hot 
junction at which raiximum current 
flows is constant for a given thermo- 
couple. It is independent of the tempe- 

rature of cold junction and is called the neutral temperature for the 
couple. On further raising the temperature „r hot junction the 
current decreases to zero and is then reversed. The temperature at 
which the current is zero and its reversal begins is called (he tempe- 
rature af inversion or inversion temperature. It depends on the 

temperature of cold junction and the 
chosen c* uple. It is always as much 
above the neutral temperature as the 
^Id junc^on is below it, i.e., T, 

t-ntutral •neuif'al' T coUU The graph 

betwetn the emf and the temperature 
dincrence of the two junctions is of 
the paraholic form for majority of 
couples. Thus emf can be given as 

The production of the emf at junc- 
tion of two metals can be explained by 

of .he of c„„d 

contain larp number of free electrons. These electrcns behavT hV^ 

density of free electrons is dififertnt in different metals ard^H^'n 
upon the temperature. When two different metals are enn^ ‘^^Pends 
form two junctions and these junctions are kent 
temperatures, free electrons will diffuse into one another^ 

the metal of lower electron pressure ®If the to 

same temperature the emf at one junction will be eoualTnd^*^^ 

.he field, which drives the electron? rrounT^h:^;'e:moc;ipre""‘ 



£ 


BA (T,, T.) 



{S^*-Sn*)dT, 


-.( 2 ] 
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where Sa* is the property of the metal, a function of temperature a 
positive quantity and is known as entropy transport per ZTrT 

■a}^ greater than electrons are transferred more 

B temperatures than along S 

T, /e« r^r« r emf from B to A at temperature 

% * 

7.2. PELTIER EFFECT 

In 183^, Jean C.A. Peltier discovered that if a current he 
allowed to pass through the junction of two different me afs the 

gets either heated or cooled. This effect is Town a; PeUterTS 
and the heat evolved or absorbed as Peltier heat, after the discov^er 
Experiment has shown that th.- Peltier heat transferred at anv 

junction IS proportional to the quantity of electricity crossing the 

junction and changes its sign (cold junction becomes hot and hot 
becomes cold) when reversing the direction of current Thus we see 
that the Peltier effect ,s reversible. The Peltiereff^ct mu“ It be 
confused with the Joule’s effect. The main differences are : 



Peltier's Effect 


Joule's Effect 


1. It is a reversible effect. 

2. It takes place only at the 
junctions. 


3. 


4. 


5. 


It may be heating or a 
cooling effect. 

It is proportional to current 
only. 

If depends upon the current 
dhection. 


1- It is an irreversible effect. 

2. It takes place at all points of 
the circuit and arises from its 
resistance. 

3- It is always a heating effect. 

4. It is proportional to the square 
of current and to the resistance. 

5. It is independent of the sign and 
direction of current. 


electrons a^d Lan hi ^^a = metals contain free 

Since the num^ molecules. 

m"tals ?here h of electrons per unit volume differs in different 

if a^ vaffie h lh to build up a potential difference 

ibsoi bfd ^ passage of current. The energv 

the iim temperature of 

cou f A f if'” depends on the metals used. Its unit is joules/ 
coulomb, /.e., volts and is given by 

TrAB=(T/e) [Sb*(T)-Sa*(T)]. ...( 4 ) 

PehieAfeVflT»^'^‘^i!“'®\u^ are the same, the 

Petier coefficients have the same value. Let the junctions are at 
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Fig. 7.3. 


under these condSbS' itlTq amo “'“‘f 

oS:iL“s 

“' "" liber., ed a, ,he 

~{[^abjt2“ [ttabJti} dq. 

Peltier effect is the only thermoelectric eflfecr in 
circuit, then the electromotive force, known as Peltier em/P is 
given as ^ G>> 

^=dWjdq=\TiA^]T^ — [ttabJti. 

, ew/must not be contused with the constant 

potential difference between metals. The latter depends upon the 

work function <t>, the work required to remove 

free electrons from the metal. The distinction 

IS clear on considering an open circuit formed 
by two metals A and B. The contact potential 
ditterence Fab between the metals A and 5 is 
defined as the pj between a point Pju^t out- 

and a point Q just outside metal 
B. l\ <pK and 0B be the work functi ms of 
x. r> , . . metals A and B respectively and l *t ttap hi^ 

the Peltier coefficient at the junction R. The pnienti.rl difference 

Fab =— 0A/e-7rAB + s4B/e = (9iB-9iA)/e-7rAB 

=(i^b~i^aV# (Approx). 2 ) 

Here the second term is neglecte,! as the thermo nf th,. 

order of a m.ll.volt, while the contact potential HfZ LeV of 

In experiments, the Joule h-ating effect is dominant 
difficult to tneasnre the Peltier coefficient by diJect dete^' 

mining of heating and cooline at the junction An atiemnf f r 

measurement was made by Le Rou'x in ! 867 A c« - 
was immersed in a water bath an J a current / was allow^ed^ ? 

was gTvenTs'''® beat produced A' 

dirprf-^'^r® resistance of the immersed metals tHp 

{H 1 -H 2 ) /2ft. 

equaHoV'Tem ' 's eonhrrm d if /A i„ . 

7,4. Thick bars of antimony and bismuth were soldered at junction- 
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Fig. 7.4. 


and the junctions were enclosed in evacu* 
atcd glass bulbs Bx and joined by a 
thin capillary tube. When the current was 
allowed to pass from a battery in one dire- 
ction, mcrcuiy thread in the capillary shi- 
fted in one direction and when the direc- 
tion of current was reversed, the thread 
shifted in the opposite direction. As Bi 
and Sb were taken In the form of thick 
rods, the Joule heating effect was negligi- 
ble and the shift in thread of mercurry 
was due to Peltier effect only. 


Thermodynamics of Peltier effect. Since the Peltier effect 
is a reversihle effect and the heat is absorbed at the hot junction 
and evolved at the cold junction in a thermocouple. Lord Kelvin 
suggested that like in a reversible beat engine in thermocouple arr- 
angement the ratio of the heat absorbec at temperature to that 
given up at Tt (ri<ri) should be the same as that of Tj to Tg, 
where and T% are absolute temperatures. In other words we can 
write that for all the sources and Minks in a reversible cycle the sum 
of the quantities dHjT is zero^ i.e,, 


idHIT=0. 



This relation is only correct when the irreversible proces<;e8 
occurring in the circuit produce negligible effects. The Joule effect 
is reduced by using metals in the form of thick bars and by passing 
very small current in the circuit. 


If itj and TTg are the Peltier coeflScients at temperatures Tg 
and Ti respectively. From the definition of Peltier coefficient, beat 
absorbed at the hot junction is q and the heat given out to the 
cold junction fs tcj q, when the charge q moves round the circuit at 
infinitely small speed. Hence, 


TCgg 





The left hand side represents the value of Peltier effect and 
can be written as 2, the Peltier cmf. Thus 


If one junction is maintained at constant temperature Tt then 
It, is constant and £oc (Ji— 7i). But this is contrary to experience, 

experiments show that this emf is a parabolic function of the tem- 
perature difference. Lord Kelvin (Prof. W Thomson) concluded ■? 
in 1851 that the Peltier emf’s at the junctions arc not the only emfs 
acting in circuit. He predicted, from theoretical considerations, 
the existence of reversible heat effects in metals due to the differ©- 
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rWon e^ec/. aftS fhe'^ dfscoJe w effect is known as 

7.3. THOMSON EFFECT 

ent, thi density ^ conductor is differ- 

gradient is developed alone th/ ® potential 

Thomson effect . Thus Kc. as 

due to flow of current tn'^ on ^ or evolution 

‘he thermocouple heat is h-ated conductor. In 

to Peltier effect and or evolved ar the junctions due 

thermocouple due to Thomsin^ff forming this 
reversible effect and is of ^nomson effect is also a 

are due to non uniform distrih '1:°'^'^'? Peltier effect, as both 

is due to a change of metal ^ The while the latter 

as the electron densi?! • Positive from cold to hot, 

Thomson em/ between two'^nor*^fs'*^'^ "t hmer temperatures. The 
temperature by marhe h in 

function of temoeratu'n!^*kha °f electricity. <7 is a 

depends upon the" material'^of ^ 

or evolved when unit ?harae^ow5 H '.hMotal energy absorbed 
and is given by ® ® through u is the Thomson emf 


e 




odT 


...( 11 ) 





O^C 



MICOC N 

^e 



T/g. 7.5, 


po'l' “S. fhVjf™, eq».di.,™, point. 

due to current flow tn the dl,::t;^^ 



276 


Electricity and Magnetism 


positive. Thomson effect and thus Thomson coefl3cient <r is positive 
also for Cd, Zw, Ag and Sb. In the case of iron, the colder parts are 
at higher potentials. If the current passes along ABC in the wire, 
heat will be evolved in and absorbed in ^C. Among two equi- 
distant points M and iV, N will be at lower temperature than M 
because of the Thomson effect. Thus in iron, heat is transferred 
due to current flow in the direction opposite to the direction of 
current flow and hence is said to have negative Thomson effect. Iron 
like other metals are Bi, Co, Pt and NL The Thomson effect is 
zero in lead. Experiments show that the metals coming before Pd 
in Seebeck series show positive Thomson effect and the metals after 
Pb in that series show negative Thomson effect. 

The idea of the specific heat of electricity was given by Lord 
Kelvin as the Thomson phenomenon in Cu is analogous to the one 
which occurs when heat is absorbed by a liquid flowing in a tube, 
heated at one end. The amount of heat absorbed or evolved by 
unit mass of liquid in passing from one point to another, having 
temperature difference dT, is sdT. The amount of heat absorbed 
or evolved when a unit quantity of electricity passes through the 
conductor having temperature difference dT between its ends is 
odT. Thus we see that a is analogous to s, the specific heat. Metals 
for which a is positive have a positive specific heat of electricity and 
are analogous with a real liquid as regards absorpiion or evolution 
of heat. Metals having negative specific heat of electricity behave 
like a hypothetical liquid which absorbs heat on cooling aud evolves 
on heating. Comparing with a liquid, it can be shown that the 
Peltier coefficient n is analogous with a latent heat of liquid L. 

The existence of Thomson effect can also be explained on the 
electron theory, similar to that of Peltier effect. However the elec- 
tron theory can explain the existence of the positive Thomson effect 
but can not explain the possibilities of zero and— ve values of <y. 


Demonstrations 


COLD MOr 

B 0 






Fig. 7,6. 


COLO 

F 


of the Thomson effect. For this purpose, 
Lord Kelvin used a (hick strip of iron berit 
in zig-zaz manner. The free ends ot this 

strip were connected to a battery through 

a reversing key. The corners B and F 
were kept cold and the corner D was kept 
I hot by heating it to a higlier temperature- 
When no current was passing the corners 
C and E were found at equal temperatures 
on account of thermal conduction. When 
a current was allowed to pass thiough 
this strip, the thermometer at C indicated 
a higher temperature than the point E. The 
thermometer readings were reversed when 
the direction of current was reversed. 
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Til 


large thick iron rod is bent into a 
U-sbape, the bent is made red hot 
and the ends, kept cool in mercury 
baths A and B, are connected to a 
source of heavy current. The resis- 
tance coils Ri and /?, are wound 
very close together on the limbs 
and packed round with asbestos 
wool. These are placed in gaps 
of a meter bridge. The balance is 
flrst obtained without passing any 
current through the rod. Now a fig. 7. 7. 

in“’h?"bala°V.’ 7hif .i",';’"®'’ “ Ji»'urb.„ce 

Change in resisLcI Of the In k h ' indicates ,he 

uTaS d^ ro. S'"",,?.' .neLb,"f,?a 

effect.^ ^ confir.ms the existence of Thomson 

7 4. TOTAL EMF IN A THERMOCOUPLE 



X]£3^) 


COLD 

T^K 


HOT 



and t ‘her, nocouple, composed of conductors y 

f'. L.t the current be positive from y to K at ,he hot junctions 

and the temperatures of the 
hot and cold junctions be Ti 
and Tj respectively. The total 
emf responsible for the ther- 
mocurrent must be the sum 
of potentials due to Peltier 
and Thomson effects. Let re. 
and Ttj be the Peltier coefficie- 
nts at the junctions at Ti and 
respedively and a® and a, 

!" .t r?" wb‘?.";Lli’°cr"cha°,'g?rs 

Tbon,a„„ aa-.b.. The bo.at^.To'l,?!,' li’.VcuVstT. t 
sained by unil cha,ee »l,eii passing ,oaad llie ci,cui,. ' 



Y(0- yi 

Fig. 7.8. 


« • 


g — Sum of pds. across various parts of the circuit 


= 77 ’ 


77 *, 



(Tx 


dr 


*Ti 

Jt, ’ 


,dT 


fTi 

(f^w~~ay)dT. 


...( 12 ) 


It IS equal to the total Seebeck emf available in the circuit. 
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Thermodynamics of Thermo emf. Let us now compare 
thermoelectric circuit to a reversible heat engine, QlS the emA 
Thomson effects are reversible and Joule heating effect is negligible. 
Let the two junctions of a thermocouple be at temperatures T+dT 
and T and the corresponding values of Peltier coefficients are n+dn 
and TT, From second law of thermodynamics we know that the 
total change of entropy in traversing one complete cycle of a perfec- 
tly reversible engine is zero. Hence we have 





or Td-rt—irdT ■_ (ga,-<7yWr 

TiJ^dT) T 

As dT is the small change in hence T {T-VdT) in the denomin- 
ator of the first term can be written as T*. Thus we have 






Considering the temperature of cold junction J as constant, 
the temperature of hot junction is varied. The variation of emf 
with the temperature of hot junction may be obtained by differen- 
tiating relation (12) with respect to T, as 

This quantity is called the Thtrmoelectric power or relative 
Seebeck coefficient for the two metals and Is denoted as 

From relations (13) and (14), we get 

^lT=^dQldT or n’-TidQldTh *..(15) 

Thus for any two metals the Peltier coefficient at a given 
temperature is given by the product of the thermoelectric power 
id^ldT) at that temperature and the absolute temperature of the 

junction. 


Differentiating Eq. (13) w.r. to T, we get 

dT dT dT' 



Combining this with Eq. (14), we get 

ff„-a,= -T(d’‘Cldr‘). ...(17) 

It gives a relationship for the difference between the two 
Thomson coefficients and second derivative of the graph of ^ against 

T, Hence by measuring Seebeck emf against the temperature^ 
(<f«— <Tif) can be calculated. 
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Fc-like meta7° SenJf . is'Ve for 

lead and other the unknown mettl ° tS 

f'Ou=~T{d^^ldT^) and av,=~ + T(d*^ldT^) 

thermoelectric 

laws. experimentally established simple 

tempemuresT u intermediate 

for any specified temnerafnrp Hiff^^ ^ given thermocouple, the emf 
emrs correSDondincr tn ant difference is equal to the sum of the 

range of temperatnfe may beTubd'v Ued.™Thu's°’° ®''“ 


e;; -£;;•+£;■ +ej:- +...£'■• 

»-;^£Ke-K a^”'£.r 

be lemperacnre iniervaJs T,~T andr-T, respeetively, v,e have 

-(19) 


...(18) 


and 


Adding these 


ei = "Ti-7tT+ {a^-a^)dT 

5.*=7tT-7tT,+ (a.-0,)rfr. 


...( 20 ) 


S fil + 5l=7tTi— 7VT, + |^^ (£,„-a,)^/7’. 

rtfi • « • 


••■(21) 

n; • . ^ 

mavtherJf^r'^i— temperature difference T.-T^ we 
saJe Lufr of intervals with’ the 

taenJoi ‘■or.n”' dtS'-ra. T'”- «" 

metals into any thermoelectric circuit 
does not alter the effective emf of the 

PJ°''i‘i^d that the both ends of 
each such conductor are at the same 
temperature. For this let us include a 

consist™**^ ? thermocouple 

consisting of two metals X and K. 

The total emf is thus given by 


or.dr+[d7,.]T, + 

j O.dT’ + [7r„]T, + o^T 



Fig. 7.9. 
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or 


r. 


£— [^e«iK+[7r,j+7r„]T2+ [ ■ {aa~at)dT. 

J T 9 


...( 22 ) 

• — « 

For a closed circuit composed of three metals which are at 
the same temperature 


— 0 or TCvB + lC£(e= — 75^5 


■ • 


S — [^stvIti [TTavlTs “t~ 



Qy)dT. 


...(23) 


— emf of the circuit composed of two metals A'and Y. 

This may be generalized to any number of intermediate 
metals, whose ends are at the same temperature. Thus we see that 
the thermocouple is unafiFected by the introduction of other metals 
under same conditions. This is the most important property of 
thermocouple circuits, as the introduction of measuring instrumentSt 
Cu^connecting wires and other accessories required for the measure- 
ment-purposes will not effect the emf 

7.6. THERMOELECTRIC DIAGRAMS 

Experiment shovkS that when the cold junction of a thermo- 
couple is at constant temperature and the temperature of the hot 
junction is varied, the Scebeck emf is almost a parabolic function 
of the temperature, /.e., 

...(24) 

where / is the temperature difference between the junctions of a 
thermocouple in degrees Celsius (°C) and a and P are constants, 
known as thermoelectric constants. These constants are characteris- 
tic of the metals forming thermocouple. Such parabolic curves, 
showing variation of thermo emf with temperature difference, are 
called thermo-electric curves. 

The rate of change of ^ with the temperature T, d^jdT is 
numerically equal to d^ldt and is given by 

d^ fdt =oc-}-j3/. ...(25) 

This quantity is called the thermoelectric power or the relative 
Seebeck coefficient and is denoted by the symbol p. Thermoelectric 
power of metal X with respect to metal Y at any temperature 7i 
is obtained by the measurement of slope of the thermoelectric curve 
at temperature T^. From relation (25) it is clear that the graph 
between d^jdt and t will be a straight line, the slope of which gives 

the constant ^ and the intercept at /=0 gives the constant a. The 
values of these constants for same metals and alloys relative to 
lead are given in the following Table 7.1. 

These values should be regarded as indicative values only, as 
the effect of the state of purity, method of preparation and previous 
history of the metals count much. Here uaA is assumed posi- 

tive when current flows at the hot junction from lead to the metal 
listed. 
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7.1. Thermoelectric Constants 


Metal 

a[/^FrC] 

i3[KFrc»] 

Aluminium (Al) 

—0.76 

0.0039 

Antimony (Sb) 

35.58 

0.146 

Bismuth (commercial) Bi 

—43.7 

—0.465 

Cadmium (Cd) 

3.06 

0.029 

Constantan (60% Cu+40% Ni) 

—38.1 

—0.089 

Copper (Cu) 

2.76 

0.012 

Gold (Au) 

2.90 

0.009 

Iron (soft) Fe 

16.65 

—0.030 

Manganin (84% Cu, 12% Mn, 4% Ni) 

1.366 

0.0008 

Mercury (Hg) 

-8.81 

—0.033 

Molybdenum (Mo) 

5.89 

0.043 

Nickel (Ni) 

— 19.1 

—0.030 

Platinum (Pt) 

—3.04 

-0.033 

Platinum-iridium 



85% Pt, 15% Ir 

14.08 

0.0105 

90% Pt, iQo/^ Ir 

13.21 

0.0075 

Platinum rhodium 

85% Pt, 15% Rh 

6.69 

0.0107 

90% Pt, 10% Rh 

7.01 

0.0064 

Silver (Ag) 

2.50 

0.012 

Steel 

10.8 

—0.016 

Tungsten (W) 

1.594 

0.0341 

Zinc (Zn) 

3.05 

— O.OI 


To find the values of a and )3 for the thermocouple consisting 
two mttals X and Y, we can make use of relations 




l$ad lead and 3a}ir=“^«» lead lead 


As the thermoelectric power is independent for the tempera- 
ture of the cold junction, hence it is not necessary to specify this 
temperature. The procedure of finding total emf of a thermocouple 
from thermoelectric curves is more tedious. Tait has shown that 
it is possible to compute the emf produced in a thermocouple by 
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constructing diagrams, known as Tait diagrams or thermoelectric 

^grants. These are the curves between 

the rate of change of cmf with temperature 

y'Q and the temperature of the hot 

junction T for the thermocouple, consisting 
j of lead and another me'al. One metal is 
taken lead since for this Thomson effect is 
either zero, or negligibly small. The 
Tait diagiam is a straight or a slightly 
curved line, as shown in Fig. 7.10. 

Let us consider a small strip ablJ 
of thickness dT at temperature T. If the 
thickness is assumed very small, the 
thermoelectric power P can be represented 
by al for all the points over ab. Thus the 
emf between T and T+dT is given by 



Fig. 7.10. 


• % 


^ldT)dT=^alx IJ—Axta. of the strip abJL 
Total emf between temperatures and Tx is 




Ti 

T2 




dT=Area CDFE. 


...(26) 


FFX i(C£:+Z)F)=(ri-r*) X 


— Difference of temperatures X Average value of 
thermoelectric powers at these temperatures. 

given by^ coefficient or the Peltier emf at temperature Ti is 


or 


^i=Ti(dQldT)Ti=TiPi=Area OFDH. 
Similarly ttt-=Ti{dQldTh^=T^p^=Area OECG. 

TZi—nt^Area OFDH— Area OECG. 

V/e know that ai.,a-<s„,ui=-nd^CldT\ 

fS dP 


a -T 


T 

dT 


\ dT ) ^ dr 


OmaiaidT—TdP= Kxtdi of the strip abLK 
ep ^metai dT — Area CDHG 

•*3 

Hence the total emf is given by 


(••• 



l$adf metal 


1 


...(27) 

...(28) 


^lead 


= 0 ) 


...(29) 


=Area OFDH— Area OECG— Area CDHG 
= Area CDFE. ...(30) 
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This is the same result as given by Eq. (26). This emf is 
such that the current flows from lead to metal across the hot 
junction. 


If we require total thermo emf 
constructed of two metals a and b 
(or a special case Cu and Fe), Two 
thermoelectric lines are constructed 
on the Tait diagram, one for Cu 
and other for Fe. 

[ o„ =Area BEFC ...(31) 


generated in a thermocouple 


^ I 

<T3 


e 




9 


0 . 


^AreaAEFD ...(32) 

J 


®’e=^Ou, P6 + ^P6, F 







e 

1 

1 

1 

1 

E 

> -- - 

• 

1 

1 


N 


Fe 


6 


O 


T. 


Fig. 7.11, 


T 


€p6, Ou+£p 6» Fe 

^Area ABCD ...(33) 

The direction of emf is indicated by the anticlockwise 
direction, /.e., at hot from Cu to Fe and at cold from Fe to Cu. 

Peltier coefficient at the hot junction for Cu—Fe is given by 

[’rOu_Pe]Ti = [7COu, +[7:P6, FsIti— F elxi — [ ttP&j Ou]t1 


Ti 





- rj ( 1 =TiFD-TiFC 

1-V dT /TiJou 


...(34) 


...(35). 


dT JTiJ^. 

=^TiCD=Area HICD, (Energy absorbed) 

Similarly [ttcu Fehi^T^AB 

^Area GJBA (Energy given out) 

Since Sou,f,=5p6, ^-“Spb, ou 

Fou, d^jdT— Fe — Fpft, Cu. 

Thus the thermoelectric power of two metals with respect to 
each other at a given temperature is simply given by the difiFcrence 
of the respective ordinates f^or the thermoelectric lines of the two 
metals, each with respect to the standard metal (lead taken 
generally). Since auad—Ot hence 

rn fTi 

j acu<ir=J^ TdP=Area IJBC (Energy absorbed) 


,..(36) 


Similarly 


<TF 



TdP 


• • 


=^4r€a GHDA (Energy absorbed) 
Total emf==Area (HICD+/JBC+GHDA~GJBA) 

= Area ABCD. 


...( 37 > 
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The neutral temperature of a thermocouple is the temperature 
corresponding to the point at which two thermoelectric lines 
intersect. At this temperature the thermoelectric power (dQdT) 
of the two metals is zero^ or the emf ^ is maximum. Hence 

Peltier coeflScient 7r=0 and the emf is wholly contributed by the 
Thomson effect. 

For elements, having — ve values of Thomson coefficient, 
thermoelectric lines slope downwards and the area representing 
Thomson effect is negative and reverse is the case for elements 
having +ve values of a. For the thermocouple consisted of two 
metals having opposite signs cf a, the Thomson emf due to one 
increases and due to other decreases with the temperature. At low 
temperature emf increases with temperature. At the neutral 
temperature, two emf’s are just equal and the total emf in the 
circuit is thus zero. Beyond this temperature the decreasing factor 
dominates and the net emf decreases with temperature. If the 
temperature is increased, such that the temperature of the hot and 
cold junctions are equally removed from the neutral temperature 
and on both sides, then the total emf becomes zero. This tempera- 
ture is known as temperature of inversion, 

7.7 MEASUREMENT OF THERMO-EMF 


Thermocouples are of great value for the measurement of tem- 
peratures upto 16v 0®C. Cu and constantan thermocouples are satis- 
factory upto 300°C. Iron constantan serves upto 800°C. For higher 
temperatures platinum and some platinum alloy must be used. 
Since thermal emf to be measured is small, a potentiometer wire 
having a small potential drop per unit length along it is required. 
An ordinary potentiometer is modified for this purpose by cod- 


metal B 

I 


^ necting it in series with a 

' p-— I n ^ ® resistance box. Experimental 

*1 r 1 c =* I- ^ procedure is given below. 

I The thermocouple is first 

tube'' constructed by passing one 

end of the metal (A) wire 
, MERCURY down a thin glass tube and 

joining to a metal (B) wire. 
To ensure good contact at the 
junction the combination is 
Fig. 7,12, placed in a test tube contain- 

ing a small amount of mercury and the junction is dipped in the 
mercury. The other end of metal (A) wire is allowed to pass through 
glass tube and is connected with the one end of metal (B) wire, as 


^ GLASS 

tube" 

MERCURY 

f 

JUNCTION 


shown in Fig. 7,12. Free ends (P and 0 of the metal (5) wire are 
connected to the measuring device. One junction is placedin air and 


other in an oil bath or in a sand bath. 

- A high resistance P is connected in series with the potentio- 
meter wire AB and the combination is connected to a battery E\ 
in series with a rheostat Ri and key K^, The current enters in the 
combination at A' and leaves at B. The +ve pole of the standard 
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cell Et is connected through a protective resistance (lOKQ) to the 
higher potential terminal A\ the — \epoIe of this cell is connected 
through a two way key to the one terminal of the galvanometer, 
whose second end is connected to the variable terminal C of tlie 
potentiometer. The higher potential of the thermocouple is 
connected to the one terminal of the two way key ard the low 
potential terminal of which is connected to the sliding, terminal /. 



Fig. 7,13. 

The resistance box R is adjusted to about 1000 ohms and the 
standard cell is connected to the galvanometer by putting plug in 
ah gap of two way key K. The variable contact C is adjusted to 
•nd A (or dial reading ten) and the rheostat R^ is so adjusted that 
the galvanometer shows no deflection. The final adjustment is 
made by removing shunt from the galvanometer and by closing 
key ATg. At this time the pd across R is balanced by the emf ^ 

of the standard cell and the current in the main circuit is 

The emf across the thermocouple is now balanced by keeping 
unchanged by putting plug in the gap ac of two way key by 
adjusting C and J in such a way that there is no deflection in 
galvanometer. At this time the thermo emf is equal to the poten- 
tial drop across the potentiometer wire between C and J. If p is the 
resistance per unit length of the wire and / is the length of the wire 
between C and /, then 

Thermo emf=p//=p/g//?. ...(38) 

la practice standard cadmium cell is used, for ibis R is taken 
1018 otims as 2=1.018 volts for this cell. The potentiometer wires 
are generally having value of p as 0.01 ohm/cm. If / is in ems, the 

emf=10’®x/ volt. 

To investigate how the thermoemf varies with the tempera- 
ture, keeping the cold junction at constant temperature, the hot 
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junction is heated to different temperatures, A graph is drawn bet- 
ween emf and the temperature of the hot junction. From this curve 
the neutral temperature, temperature of inversion and the constants 
a and P of the equation of this curve arc obtained. 

7.8 APPLICATIONS OF THERMO EMF 

Thermo-electric effect is very useful in measuring several 
physical quantities in addition to temperature. 

(0 Thermopile. One of the best known applications is the 
detection ot small amounts of radiant heat by means of the device 
known as thermopile. To increase the sensitivity the effect produced 
by one junction is multiplied by arranging a number in series. To 
reduce the resistance the metals are used in the form of thick bars. 
Antimony and bismuth bars are used, as these metals are widely 
separated in the thermoelectric series and a comparatively large 
emf is produced for a small difference ot temperature between the 
junctions. Antimonv and bismuth bars are alternately connected in 
series. The free ends of the thermopile are connected to a galvano- 
meter of which the resistance is preferably equal to the resistance 

of the thermopile. One set of 
alternate junctions is exposed to 
the radiation and the other set 
of the junctions is covered with 
a bra^s cap to maintain the 
temperature of these junctions 
constant. The galvanometer de- 
flection will be due to thermo— 
emf produced which is approxi- 
mately proportional to the radi- 
ant energy falling on the ther- 
mopile. It can easily measure 
difference of 


(O 

2 

O 

Q 

< 

ct 





Fig. 7,14. 


A relation between the rate at which radiant energy is being 
received and the thermoelectric current produced, is obtained by 
calibration. From the rate of reception of energy the rate of emiS" 
Sion of energy can be culculated, if th; distance and area of ihc 
source are known. 


(//) Bolometer. The principle of the Bolometer is similar, 
but it consists of a piece of resistance wire forming one arm of a 
bridge. When it receives energy its temperature rises, consequently 
its resistance rises and the balance of the bridge is destroyed. The 
current therefore flows through the galvanometer and a relation 
between this current and the rate of reception of energy can be 
found by calibration The Bolometer is calibrated by passing 
current of different values in the main circuit and observing change 
of corresponding resistance of the Bolometer wire. Thus a relation 
between absorption of energy and change of resistance of the Bolo- 
meter wire can be obtained. 



(Hi) Boy’s radio micrometer. 

ent, and is the combination of the 


It is a more sensitive arran- 
couple and the galvanometer. 
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N 




V 


Sb^Bi 

Cu 

Fig, 7.15, 


A moving coll consists of a single loop of Cu 
suspendsd between the poles of a strong magnet 
by a quartz fibre. The ends of this loop are 
soldered to short rods of antimony and bismuth 
which are soldered at the other ends to a very 
thin blackened copper disc. When the radiation 
to be measured is directed on to the disc, the 
junction of antimony and bismuth is heited and 
the thermo current is produced in the loop. As 
the loop IS hanging in magnetic field hence expe- 
riences a couple. This couple deflects the coil 
and the d -flection is measured by the mirror and 
scale arrangement. 

(/v) Daddell thermo- galvanometer. It 

is a modification of Boy’s radio- micrometer for 
the measurement of small alternating or varying currents. A loop 
of silver wire hangs by a quartz fibre in between the p ^les N, S of 
a permanent magnet. The lower ends of the loop are attached to 
little pieces of bismuth and antimony respectively. These pieces 
are in contact at the bottom. Below this junction is situated the 
heater consisting of a straight filament about 3 mm. long with two 
straight legs leading to the terminals through which the current 
to be measured is allowed to pass in the heater. The heater element 
-IS taken straight so that its inductance and capacitance can be 

assumed as negligible and the instrument can 
be used for high frequency current. When the 
current passes through the heater, parr o\ the 
heat developed is radiated to the Bi Sb junc- 
tion, the result is that another current 
(thermo-current) is set up in the loop and the 
loop is deflected as it is suspended between 
the poles N, S. The deflection is read by 
lamp and scale arrangement and is propor- 

tional to the square of the current passing 
through the heater. 

(v) Thermoelectric pyrometer. Wo 

know that some of the thermoelectric lines- 
for example those of Cu and 4g, are nearly 
parallel. If they are actually parallel, the emf 
round one of these couples would be propor- 
tional to the diflTerence of the temperature 
of the junctions. This fact is made use of In 
the case of pyrometers constructed for me- 
asurement of high temperatures. Couple is 
usually of pure platinum and an alloy of 
platinum and iridium, or platinum and 
,, . rhodium. In the Fery radiation pyrometer 

the radiations are received on a concave mirror, which brings them’ 
to focus at the point where a sensitive couple is situated The 




N 




Fig. 7,16 
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thermo-emf generated is read by a millivoltmeter connected to (he 
tree ends of the couple. 

(v/) Thermo-mniiamineter. Sir J.A. Fleming devised a 
sensitive form of ammeter for the measurement of small alternating 

or continuous currents in which the heating 
produced by the current passing through a fine 
constantan wire AB warms the junction C of a 
tellurium-bismuth couple. The wire AB and 
the couple are in vacuum. A sensitive gal- 
vanometer G is connected in series with the 
thermocouple. The deflection in the galvano- 
meter is proportional to the current passing 
in wire AB, 

(v/i) Ratio-balance. The idea that the 
Fig, 1,17. absorption of heat at a thermal junction, when 

the direction of the current is the same as 
that of the Peltier emf has been employed by Prof. Callendar in 1910 
for the measurement of the radiant heat. Two similar discs A and 
B, each supported by four stout iron and four constantan wires, are 
the junctions of an iron-constantan couple. The discs also form the 
junction of the single wire iron and constantan circuit in which the 

galvanometer G is included. An- 
other circuit contains a battery, an 
adjustable resistance and a millia- 
mmeter. When radiation falls on 
the disc (say A), a thermo current 
flows and the galvanometer is 
deflected. Resistance R is adjusted 
until the two discs remain at the 
same temperature as indicated by 
the zero deflection in galvano- 
meter. At this time the radiant 
energy absorbed will be equal to 
Peltier cooling. Knowing the cur- 
rent i and Pel rier coefficient tc, the 
rate of absorption of radiant energv is calculated. The radiation 
may also be allowed to fall on the disc 5 instead of for the 
purpose of making a control measurement. In the later design the 
discs are replaced by small cups. 

Exercises 

Example 1. Find the emf of a Cu-Fe thermocouple yvhern 
temperature of hot is 100°C and that of cold is O'^C. 

We know rhat 

Bv the law of intermediate metals, we have 

^Cu, Fe=^Ou, + — ^Ou, Pb~^Fef P* 
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£o„, »,=(ao, /+iPcu 

=(«Ou-«F,) / + i(y3o„-;3p,)f» 

= (2.76—16.65) 100/iF+i(0.012+0.030) )00»/xF 
= -1.179wF, 


where the minus sign indicates that the direction of the current at 
the junction is from iron to copper at 100°C. 


Example 2. The emf in a thermocouple, 

IS kept at 0°C is given by + Find the 

and the Peltier and Thomson coefficients. 


one junction of which 
neutral temperature 



In absolute scale of tempeiaturc, the relation can be vvriitei:, 


or 


S=a(r-273) + J3(r-273)» 

d^ldT=cL+p{T-213) and d-^ldr=?. 

At the neutral tempeiature cl^jdT=0. 

(7;-273)=r„=-«//9. 

Peltier coefficient "= n^£/dr) = na+;S(r-273;]=7’(a + ^,) 
Thomson coefficient a^Tid’^^ldT^) — ^T 

Peltier coefficient at (.°C = (273°Ar) T(d^ldT)„^ 

273[80 1 5000 x 0.0 '25 exp (0)] fiV 

= 1 1 .6mV. 

Difference between the Thomson coefficients 

= (Jo:— cTv= - nd>^ldT‘)=- (273 + t)(d!^ldt ■^) 

But rP'£/n't^=l5000X(0.0025)2 exp (-0.0025 t) 

. . CT,= — (273 + /) [93.75X 10“^ exp ( — 0.0025 /)]. 

zero value ofa.-a., its first derivative must be 


cr,]-0 [93.75xl0“8 exp (—0.0025 /)]. 

+ (273 + /)[93.75xlO-«(0.0025) exp ( 

•• I (273+/) (0.0025) =0 or /=127°C. 


-0.0025/)]. 
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Example 4. Calculate the Peltier coefficients, the neutral 
temperature, the temperature oj inversion and the total emffor a Cu— 
Fe thermocouple whose junctions are at 6^(7 and J00°C. 

B> the law of intermediate metals, we have 

aou, Fe'==ac„, P6 — aPe, p6=2.76— 16.65 = — 13.89^F/°C 
Fa = pcu. p6-/5f„ p6=0,012 + 0.030=0.042 


Neutral temperature — a//3=330.7°C. 


Temperature of inversion==2(rn — f(.o(d) = 661.4°C. 

Total emf ^^^t+i^t^ 

= — 13.89X I00+ix0.042x 100- = — 1 179^^. 


I 


Thermoelectric power dQ/dT=d^ld( — oL + Pt, 

Peltier coefficient 7r= T {d^/dT) = T{oi.-i~Pt) 

at 100°C 7r373 = 373(-13.89 + 0.042y 100) = -3614.37 mF 
at 0'^C7r273 = 273r-13.89) = -3791.97/^F- 
Difference in Thomson coefficients ac^~aee = — Td^^ldT^* 



Total Thomson emf=l (ac,,'-OTe)dT 

7^1 


= \l’-,WT=- ff 



= - ^ X 0.042[373'~2732] = - 1 356.6pV 
Hence the total emf= — 3614.37 — ( — 3791.97)— 1356.6 


= -1179 fiV, 

-which is the same as calculated by direct method. 


Example 5. Fi‘}d the relation for Peltier coefficient in terms 
of electron density, using classical electron theory. 

Consider two metals X and Y in contact. The junction is 
maintained at temperature T. The electron densities are m and n% 
in the metals X and Y respectively. The higher electron pressure 
in X will ^end to drive el*, ctrons from X to Y. These electrons will 
set up an electric field ar'd an equilibrium will be achi.ved when 
the electric field pressure is equal to the d ffusion pressure of 
electrons, which corresponds to a pd between X and Y or the Peltier 
emf 

The Peltier coefficients tr, defined as the work required to 
transport unit quantity of charge across the junction, will be given 
hy 
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J Vi 


PdV 


wher, Vi is ihc volume occuoicj by the 
metiil X and in metal Y. ‘ 


electrons in unit-charge in 


Assuming the electrons as the molecules of a perfect gas, 

,r , 3 mnv fik T 

un„ vol 'ht n. mh, 


I of electron^ in a 


sod hence 


t « 


TC 


P=lkT;3cV. 

(i 3 


i.'V 3 


dV 

C J r , V 


2 kT I )/, 

r- , 




kl 


ioe 


^51 

no 


Oral Questions 

iherniocoup'lc^^'^^ Whet’he^^^ ^'I'ncnt at ihc hot junction of M-fe 
^ greater or smaller W u that 'r ‘'''’“r Junction is 

lorming the couple ohy' I he inv on materials 

factors? icmpcralure depends on v.hich 

Thorns^on’s I’cltier’s cITcci. (,7) Joule’s effect, and (ill) 

4. Wlia. do you mean by +ve and -vc Thomson's effects ? 

moc'ouKrcuh ofmTilwulI oUteiMhan'c^^^ 

'■ d'IS.nt ? ‘WO lines constructed on the Tait 

7. Why do you use a resistance of 1018 ohms in scries of a potentiometer ? 

thermo-enffacrS’t'he potent iomc^^^^^^ obtained while balancing the 

Problems 

thermal 'dk di j!' 7,'^' ‘'')‘™"‘''°upl'-' at temperature lOOX fa) 

C, 4. s| ,„K- 3.88x 10-3 ca/. 
a, 0 =e. ■ ‘•"^ulatc.^and (a,-.,) fora bismuth silver thermocouple 

yj°c‘ 

and the cold junction is arO'c'^^then'its c^mf 

^y'T='^+tr/r63Vwhe«%!T and r“are" consUm'’"'’' ‘^P^^^nted 
not aTo->C constants and the cold junction is 
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4. Two semicircular rings, oneofCw and one of constantan are 
joined together to form a ring whose mean diameter may be taken as 14cm 
Each metal has a cross-sectional area of 2 cm«. Calculate the current through 
this ring if the junctions are at O^C and 200°C. (17 4 amp) 


thermocouple with junctions at 
20 C and »0 C The thermo-electric powers of Ag and Fe are 3 34-f-O 008 t 
and 16.65—0.03 t respectively. (5g5 ^ yy 


6. For a chromel-alumel thermocouple, when cold junction is at 
0®C, the emf is 18.37 and 44.24 when the hot junction is at 444.6®C 
and 1083°C respectively. Calculate (^j) Thermo emf, (6) the Peltier coeffi- 
cient, (c) the thermo electric power and (d) the Thomson coefficient 
at 600°C. 24.71 fxV, 0.04076 ^F/°C, 35.58aF. (T«-<Ty=6.43xl0-4 ij.V:^C 


7. A thermoelectric circuit consists of two bars of Cu and Fe with 
the ends joined and the junctions are maintained at 19® and 20°C 
respectively. Compare the heat dissipated due to Joule effect with 
that conducted along the bars. Given the thermo-electric power at 
20®Cas 14 A the resistivities of Cu and Fe as 1.6 and 9.8 A F/cm 

and the thermal conductivities as 0.9 and 0.2 cal crn'i sec'i respectively. 

(7.4X10"«) 


8. In a thermocouple constructed from lead and a semiconductor, 
the thermoelectric power is given by dg/d/=a-f^i/(r+273), where t is 

the temperature of one junction, the other being kept at 0®C. Cal- 
culate rate of absorption of energy in the semiconductor when a current I 
flows through it and the temperature difference between its ends is TC. 

[67/(273 -hrj 
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8.1. MAGNETISM 



matenaircnrh^l^"^^’^ ^'tracting iron, but not 

maanptl^tl , giving rise to them arc called maipuU or the 

The first magnetic phenomena to be 

agments ot an ore of iron known as lodostonc. The wo d na^ i- 

om^r?hT' ‘’^“Snesia in Asia .Minor, whmh is 

stone lodcstones were found. If Uode! 

thSk about ‘twn"r“ 

Tp y'ir^^^ regions on the stone than anywhere else. These 

one erw-i ''poley\ When it is suspended treelv the 

ne end pointing north is called the- north oole of -he lodestone and 

he other the south pole. The .arth itself ,s a meat mSnet avln^ 

north ^o-^^here near its geometric;! aortic ool^ and 

rth polarity somewhere near its geometrical south. 

electricitv and magnetism is related bv eleetto- 

magnets) ® magnetic poles (or charged bodies and 

c airSL ■■^“g'^etic material only; a 

.rical norttsrafSrsulF^L'S'dy'; “a Sa^l^ifSa 

is jua.tala* c?/S'‘,irCS;d"7.It"" lr‘ ™ f”'' 

charged inductively has poWi7?y 4--)J ® 

Jree charge has not. ^hile a body with a 

eachof which hafTqVal n^o^th aiTf’ complete magnets 

ble to isolate riorlh SsoS ootes^ 

in the case of electric charges^ofopposite^T''^ 
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^ ^ ^ piece of magnetic material when 

placeo in It. neighbourhood, the induced magnetism disappears (for 

soft iron) when the magnet is removed ; a charged body has exactly 
corresponding properties, but will induce a charge on any insuhted 
conductor instead of an particular ones only, 

u A^.' j effect on a magnet when touched with the 

nano , the charged hodij is discharged. 

thc.f 1\ magnets together, nothing happens except 

f 7 . other; if two oppositely charged 

bodies are brought together a spark will pass hetweeyi them . 

substance is known in which magnetic poles move 

rhnrn li^oce of magnetic forces with the freedom that electric 

Charges move in a conductor when subject to electric forces. 

nolf' ^x^ rted by an electric charge on a magnetic 
pole when both are at rest relative to the observer. 


8.2. MAGNETIC FIELD 


[tag 


^ , no connection was known between electrical and 

Oei^tprl^ 1^20, Danish Scientist Hans Christian 

a magnetic eifects of current and thus showed 

later i^etween electricity and magnetism. Twelve years 

while thp n^^7 ^ momentary current existed in a circuit 

The <!amp ^ nearby circuit was being started or stopped, 

toward or ^ observed by the motion of a magnet 

Oer^tpd fU circuit. Thus we see that the work of 

and fhni ^be magnetic effects by moving electnc charges 

i'iin m Ihe electric effects (production oj current) by mov- 

g ague s. Now-a-days it is believed that all so-called magnetic 

forces between electrostatic charges in motion 
be considered aa a separate entity. The 
magnetic properties of matter were the result 
. ^ a omic currents (due to continuous rotation of electrons in 

ms about the axis passing through the atomic nuclei) was first 
suggested by Ampere in 1820. 


We define the space around a current carrying conductor (or 
m^agnei; as the site of a magnetic field, as we define the space near 
a Charged rod as the site of an electric field. The magnetic field 
around a moving charge exists in addition to the electrostatic field 
wnich surrounds the charge whether the charge is in motion or not. 
it a second charged particle is placed near the moving charge it will 
experience a. force due to the electric field whether it is in motion or at 

rest and a force due to the magnetic field only if it is in motion. The 
magnetic field, like the electric field, is a vector field and its 
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magnitude and direction at any point are specified by a vector B, 
calle^ the magnetic inductioji or magnefio flux density. 

Magnetic "field can be represented by lines, called lines of 
induction, just as the el ectric field is represented by lines of force. 
B is related to its line of induction in the following ways. 

(i) The tangent drawn at nny 'point to a line of induction gives, 
the direction of B at that point. 

{ii) The number nf lines p^- unit area gives an idea about the 
magnitude of the mag net ‘c field vector This field is large if lines 
are closer and is small if they nr-- far apart. 

In a uniform magnetic field, where the B-vector has the same 
magnitude and direction at all points, the lines of induction are 
parall.l and straight. Ihe lines ot mdiietion simpiv give a graphi- 
cal repi csentaiion of the variation ot B throughout a . eriain region 
of space. ^ ^ 


The magnetic flux ^l>u across a surface is defined in the same 

way as the electric flux d)- for the electric field. Thus the flux d(l>B 
across an area d\ i^. 


Total flux a:ross an finite area 

^^l)H=\BdA = fS.dA. 

If B is uniform an J norm il I ) a liaite area 
across the area is (1)q=b.A. 

8.3. DEFINITION OF B 


...(I) 

A, taen tne fiux 



runknown electric field can be determined by magnitude 
and direction of the force on a test charge (/o at rest, fo explore 
an unkn wn maGuctic field, vv: mu^t measure the magnitude and 
direction of the force on a moving test charge. Let us assume 
that there is no electric field present. 

Let us consider a positive test charge cjo moving with velocity 

V through any point P in space. 

If a side ways delleciing force F 
acts on it, one can say tnat a magne- 
i\c field is present at Pand the vector 
B can be defined i t terms of F and 
other measured quantities. If the 

direction of y is vaiied through point 
P, keep ng its magnitude constant, 
we find that although F remains X to 

V Its magnitude changes and t.iere is 

^ which a m:igne- 
tic field exerts no force on the mov- 
ing charge. This direction is defined 
the direction of the ^-vector. 
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velocit^ direction of B, let us now keep the 

The force is found perpendicular to both the B and v ff the ve ol 
y IS not perpendicular to the direction of the magnetic field but 

makes an angle > with the field, the force actinfon^^ 

(the^^comErn^em'^ of magnetic field and to v sin <j> 

Et aEv Emnt P The magnitude of the magnetic field vector B 

<11 any point F is given as 

B-=Flqov sin ^ or F=-^qovBsin <j>, ...(2) 

In vector form, it can be written as 

F=^o^vX B). /3) 

the ('^) F is perpendicular to 

^ ^ ® always is a sideways force, (b) F 

tsnes as (i.) v-v/i u — /i 7 . r * 


n_’ ^^TB tAe mo^wettc/orce F has its maximum value, 
Held tp n Wthe work done by the force in a static magnetic 

are nLnZ ’ - Z 0/ mo/tmt 0/ cAarj/e 

?e7J f « ^noving charge remaL unal- 

*^rta in a static magrutic field. 

elertril’ff m ® ^'’^''ar in spirit to the definition of the 
charartp f f r defined as F=^oE. In this case the only 

EerS^tV ? butin defining B, two charac- 

field R r- appear. The unit of magnetic 

lomhf/r ^3) and IS the (newton/cou- 

r given the special name weber/meter^ or 

The unit of the magnetic flux is weber. 

, ^ c^^rged particle moves through a region in which both 

metric field and a magnetic fieid are present, the resultant force 

F=^oE+^o(vXB). .••(4) 

This relation is known as Lorentz relation and F as Lorentz force. 

The direction of F is _L to the plane containing v and B and 

is given by Fleming's left hand 
rule. According to this rule, the 
forefinger, the central finger and 
thumb of the left hand are stretched 
in such a way that they are mutually 
perpendicular to each other. If the 
central finger shows the direction of 
current (or v) and the forefinger shows 
the direction of magnetic field or 
pointing magnetic field vector B, then 
the thumb will give the direction of 
deflecting force F. 



0 FORE 
FINGER 


# central 
^ finger 

Fig. 8 2. 
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S.2. MOVING CHARGES IN ELECTRIC FIELD 

copsider following cases. 

on an “ Uniform Electric Field. The force F acting 

charge q moving in a uniform electric field E is r/E. It 
xperiences a constant acceleration / in the direction of F. 

F=m{=gE or f=(q/m) E. ...($) 

On integration, we get 

v = drldt = (qjm) Et-{-C. 

As at t=:0^ v=u, hence v=u-t-((y' 7 ^) ^t. 

Again integrating, we get r=l{q/m] Et^ \ 

As at t=0, r=ro (initial position), hence 

r==i(qlm) E/2-f ^5^ 

There are two particular cases. 

driectlon When the electric field acts along the 

the both u nnH particle i.e., the case of longitudinal field, 

caL the " E. In this 

E and tht- position vector v is also along the direction of 

p oblem acts as if it is one dimensional one. 

at the initial position ro=0 and u=0, then we have 

'^=(qlm) Et and (ry/m) Et". ...( 7 ^ 

hus we again have one dimensional problem. 

of 5'“‘™ Cons^doo « charsed panicle 

at a potential Hlff ^ r h separated by a distance d and kept 
potential difference of V volts, the electric field E=Vld 



Fig. 8.3. 
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will act aiong-|- 2 /'axis As there is no force along the a:-axis, 
hence the time taken by the particle to pass through the plates 
T—ljvx. As a torce gE acts along ?/-axis, hence the acceleration 
produced iii the particle will be along y-axis and given by £=g^lin. 
Since there was no component of v along y-axis at the time of 
entrance hence the velocity vy along ^-axis at any instant t is 

Vy—fyt = {cjElm) (xjvx). 

and the displacement (qElmXxjvx)^. 

Here x is the distance travelled along a:-axis in time t (position 0’)- 

Thus the path of the charged particle in between the plates is 

a parabola in the x~y plane. When the particle leaves the plates, 

it will travel in a straight line alohg the tangent to the parabola 

at the point where the particle leaves the plates. The angle is 
given by 


tan ^ = {dyldx)x^i=qEllYnv^^, 

The total ^/-displacement at a distance L from the ends of the 
plate IS given by 


T— displacement between plales + outside the plates 


\_qE 

2 m V 




-i-L tan 0 


qEi 


« w 

X 


mv 


L+ 


CC 


1 

2 


...(9) 


This principle is used in cathode ray tubesj where electrons are 

allowed to pass through the parallel plates and the beam strikes 
the nuorescent screen. 


W Motion in Ahernatina: Electric Field. Tf the electric 
held is an alternating, given by E=Eo sin cot, then above relations 

reduce to 


m£—m dvldt^m d^rldt^=q'Eo sin o)t. 

On integrating with the condition v=0 at ^=0, we get 

tno) mo) mo) 

On integrating with the condition r=0 at <=0, we get 

, , <7Eo, 

^ «sin 

moj^ moj 


...(10) 


...( 11 ) 


rtf 1 . Motion in non-uniform Electric Field. The motion 
ot Charged particle (electron) in nonuniform fields is of considerable 
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interest in the field of electron optics. The electron is allowed to 
pass in a region of a variable field. The component of '. elooity 
parallel to the equipotential surface is unperturbed. The velo- 
city changes in the direction of potential gradient and is n'wcn 
by the equation 

Av=FAVw=77(^/m)A^ ...(12) 

As will be seen in electrostatic focusing, the velocities are 
related as 

t-i __sine,_/Fi U ..-( 13 ) 

Vn sin 0, VFg / 

CHARGES IN MAGNETIC FIELD 

If a charged particle ts moving ■dong the line of inagn-fic 
field, it will move as it is, as it will experience n{) force (v !| B)/ 

(h) If Z. particle of charge, g is introduced xoiih its initial velocity 
y ^n the plane^ normal to B then the force F=?;vXB) will act on it 
in this plane in the direction X to v and ,B. Since the Jirectioii 
of this force is and remains normal lo'the velocity, hence, 

F.v=7(v>! Bi. v=^0 


or 



and therefore, ^ wy^ = constant. ...(Id) 

« nis equatio.i .hows that the magnetic field performs no work 
and produces no change in the kinetic energy of the particle. Since 
e toice F due to magnetic field is always perpendicui.ir to rhe 
irection of motion and v and B are constant in maenitude, hence 
lorce 1- wijI also be constant and the particle will move aioim a 

circular path of radius i? given by 

centripetal force mv^R^ Force qvB 

R^mvjqB 

The corresponding angular vttocity 
(o^vlR^qBfm, ■•■( 15 ) 

or the hcqucncy f=ojl 2 n=qBl 2 nm. 

This relation shows that the charged 
particle rotates in a plane 1 lo the mag- 
netic field with the angular frequency 
independent of its linear velocity v. Jf 
the particle loses or gains energy continuo- 


X 

X 

X 

X 

X 

X 

X 

X 

X 



Fig. 8.4. 
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usly the path will be a spiral. The radius of curvature decreases 
in the former case while increases m the latter case. 

.he dr,c,ior„VB'^7a co7am v.TodV7'’“A's‘’''.,t" 

S'7:ThS',r “,-e" ‘X '7 



Fig. 8.5. 

SSun veTrif" ^^perposition of two motions, one 

y B and other circular motion i to B. 

Hence tne lesultant path will be a heliv wifh ii-c ■ i 

lied alone its axis^i ^ >s the distance trave- 

iieo along its axis in one revolution, hence 

pitch of (7=i;2Xtime period T=--vxX2v:mlqB=2nmvxlqB ...(16) 
In general the velocity of the particle may be represented as 

v=v_L+V||, ...(,7^ 

velocity perpendicular to the mag- 

l e magnetic field- Therefore the component of Lorentz force in 
ine direction of magnetic field is zero, t.e. 


il 


=^vvXB) 


II 


0. 


m 


dt 


— 0 and V =constant. 


...(18) 


•••(19) 
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Substituting value of v in the equation of motion 

md\ldt=-q{vx'B), we get 

^(v_L+v ||)=<?(vj.4v||)XB. 


m 


d\ 


or 


X 


m 


dt 


=9v ^XB. 


...( 20 ) 


The angle between Vj^and B remains constant throughout the 
motion and is equal to u/2. v^and B do not change in magnitude. 
Hence the force is constant in magnitude and is per- 

pendicular tovj_. Therefore Eq. (20) describes the circular 
motion. The radius of the circle is given by the relation 


mv ^^IE=qvxB. 


...( 21 ) 


« 

j^eiix to V II and gives the 


principle is used in many instruments. Let us discuss 
oelow few of them. 

Magnetic Focussing. In general the ions emitted from the 
mn source are of different velocities, the ions of same velocity 
aiso emit in ditierent directions. 

(i) To focus ions of different velocities, they are collimated 
^an entrace slit S. The magnetic field is applied J. to the 
piaa^t a paper and particles are bent 
in a cfrciilar path. After a turn of 
180°, they are recorded on a photo- 
graphic plate P. The particles of diffe- 
rent velocities are focussed at defferent 
points on the plate. By measuring 
the distances one can calculate velocity 
and energy of different particles. 

mv^lR=qvB or v—qBRjm 



and energy =imv^=q^B^R'^l2m. 


8 . 6 . 


This device is used in isotope separation 


(u) To focus ions of same velocity travelling in different Hir,. 
tions, the ions are allowed to pass through a fine slit S Af I ' 

. pla». All .he panicle, leaviag Ihe ,1U Se ,£e“ 
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plate at point A normally. The other particles making initial angle 
e with the normal strike the plate at ® 

other point B. The width of the 
focussed image 

AB=8A — 8B~2R — IB cos 6 


= 2B<\ 
=i?02. 


COS 0)=2/?[l— !+e2/2 !] 


As 0 is very small. The focussing 
power or the resolution 

P= ABj8A =i?02/2i?= J02. 

If the slit width is s, then 

P=(5 + J?02)/2i?=5/2^ + 02/2. 



2R Cos© 
Fig, 8.7, 


...( 22 ) 


This device is very useful in p-ray spectrometers. 

8.6. CHARGED PARTICLES IN ELECTRIC AND MAGNETIC 
FIELDS 

Consider a particle of charge and mass w, emitted at the 
origin with zero initial velocity into a region of uniform electric 
and magnetic fields. I he field E is acting along a-'-axis and field B 
is along ?/-axis. 2 he force ^E due to electric field will act along 
a:-axis As the charged particle is placed in a magnetic field B it 
will experience a force ^(vXB) acting in the direction perpendicular 
to B and V both. Hence the particle will bent. The resultant force 
also known as Lorentz force is thus given by 

F=9[E+vXB]. ...(23) 

In our particular case E=Ei, x=vx\ + vy \-{-vz k and B = Bj, 

•*. ^=^[Ei-}-vxBh.—vz Bi]~g[E — vz 

To find velocity components vx and vz , above relation can be 
written as 


Fx^m^dvxldt)=qE—qvz B, Fy =m{dvv jdt — O 
and Fz ^midvz ldt)~qvxB, 


Combining both by differentiating first part and then sub 
stituting value of dvz jdi^ we get 


d^vx 





q^B 


m 


'vx dH'x . 

or • ^x-^Q. 


dt^ 
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This is the general equation of S.H.M. Its solution is 

vl=A sin where (o^qUjm. ...(24) 

As at t=0 rl=0, hence <f>=0. 


Kgd\x\ dvlldt=Ao) cos o)t. Hence at dvlldt = Aoj^ which 

should be same as QElm. 

Aoj — qElm or A—qElmo)=Ej B. 

Hence Eq. (24) becomes vx=(E/B) sin ojL 


Now substituting value of vx in the equation for Fx, we get 


m 


B 


(0 cos (i)t— qE— qvz B or vz= 1— cosoji~|. 


• « • 


(25) 


On integrating equations for vx and vz and knowing that at 
t=0, ar=0 and z=0, we get 

...(26) 

These equations are the 

equations for a cycloi, which 
is defined as the path generated 
by the point on the circum- 
ference of a circle, rolling 
along a circle. In the present 
case the radius of the roiling 
circle is E/Boj, the maximum 
displacement along rr-direction 
is 2filB(o. Tile x-dispiacement 
becomes zero at it 0, .’tc/o;, 

Anio). The ^-displacement in 
time t=2n/oj is 27i: EjBw, 



CYCLOIDAL 

PATH 


Fig. t>.8 


Let iis nou) discuss f^w important applications of th^ combined 
electric and magneiic fields acting pet pendicular to each other. 

(i) Velocity Selector. Since most of the electrons or ions 
emitted from the source are with a wide range of velocities a 
velocity selector is often essential 
to obtain ions of same velocity. 

This device requires both electric 
and magnetic forces. A capacitor 
like arrangement AB provides a 
uniform electric field E In the plane 
of the paper. A uniform magnetic 
field B is provided _L to the plane 
of the paper. Collimated charged 



E 


B 


I 


■* 5 - 


D 


Fig. 8,9. 


particles move along SC if the force due to E is balanced by the 
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force due to B. Hence the particle v^ill move with velocity v, given 
by qE=qv B or v-^EjB. Thus bv adjusting E and 5. particles 
of different velocities are obtained in the SC direction. 

tct. In 1879 E.H. Hall devised an experiment 
that^^-gn^s^th^ useful information regarding current carriers in 
conductufs^ Suppose we have a 
steady current i, hence current 
density j, flowing in a uniform 
conducting strip along the ar-axis. 

If this strip is placed in a uniform 
magnetic field B, acting along the 
t/-axis. The field B, will exert a de- 
flecting force F on the current 
carriers, may be electrons or holes 
(missing electrons), in the direction CURRENT 

1 to the plane containing vector B e in 

and current densuy vector i If fh.- j u 

As'K rFk"%T(’ V along j. then the force fIqCvXB). 

Sfpra? ^ ^ ’ upward direction whether the 

char e carriers are positive or negative. If the chage carriers are 

accumulates at the upper edge 
‘Charge at its lower edge. Thus 

Th s name t known as Hall emf h produced. 

linosde if thP ^ ‘I'scpverer. The sign of this emf will be 

sipn nf thp rtia Carriers are positive or holes. Thus the 

sign of the charp earners is determined by the sien of this Hall 

s^ws^that f ^ potentiometer". Experiment 

shows that in metals the charge carriers are electrons However 

~ ^ ^ j ^ I^ 3site to that of the metals 

carriers are nowinorn asl^r These charge 

fi 1 . of oharge carriers gives rise to a transverse 

as eZectr.c E h, which acts inside the conduc- 
ts rparhJJ? n 0 Side Ways drift of the carriers. An equilibrium 
rarn>r?^s ™^8"etic deflecting frtree on the charge 

dectric field balanced by the electric force caused by the Hall 


<?(vXB)-i-<?EH = 0 or Eh=— vXB. 


...(27) 


^ the deflecting charge carriers v can be mea- 
measuring Eh and B, where i?H=Hall emf (FH)/distance(d> 
between two edges. The Hall emf is thus given by 

Kh=Eh. d =vBd. 

We know that the current density i=7iOv hence En=iBlna. 
or density of charge carriers n=jBlqE^. ^ ^ 3 
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electric field to the 
density^ and magnetic induction B is known as 
or simply Hall constant i?. Thus 


product of current 
the Hall coefficient 


(-ve^faidlsSfve^f these ^''e electrons 

calculated values of the Hall constant are ^ Observed and 

most of the metals. Its „*„it HTou]"' ®°°‘‘ “Stsemen, for 

E,. (IfbSiT fs„„ 

free. The hall coefficient is foundYo be "ot entirely 

•ff=3:r/8«9 = i,|g/„^ 

Since the current density is defined as 

j=nq<v>, 

hence we get 


...( 29 } 


E»=jBR-^nq<v>B. (Unq) 


<v>B 


<v> 


...( 30 ) 


m..s«ri „8 f.. when a known S and 7 . 1 " 1 ' <l'«™ined b, 

Jlsif " 7as*:7r,h'“ 

tan e=EBl^ = i,B. 

by measurh!g'’the^cii!?ctrv'i^y®r, defined as™^^ determined 

a=nqfi=i^lR^ 
ix — o B. 

Measurement of Hall coenir.pnt „• 
current carriers per unit volume and he rela''!nf “^ number of 
time between two collisions of an elemro^f he average 

the current carriers are positive or n^r‘ us whether 

earners can be iViCa^urcd bv the rn n mobility of the 

Hail coeHicient. Hall effect be u^lTto m and the 

by using germanium of high resistance. ^ "measure magnetic fields 

Hall Probe — Hal] effect mav be iisprl tr. 
of a magnetic field. A simple instrim^^ f measure the flux density 

known as //..// in ![ a l 7 efo ^ purpoL- is 

eonnected^To^Ti^-^f'^ *’^^ contacts 

meter K. An electric current /(< amp) is 

ampj IS allowed to pass through^ 
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the semiconductor in the normal direction and is measured with 
the ammeter A, Araldite encapsulation is done so that the wires 
may not be detached from the wafer. Combining relations 


= j Bjnq^ Vh = E nd 


Araldite 

capsulation 



‘^Semi-conduct- 


or 


Wafer ^ 

"^TZTlZZTZm 


\ 


— ^ 


^ 


/ N. 


Fig. 8.11. 


© 


and i=j A, we get 

nq nqA 


or 


B= 


Vh nqA 
id 


(33) 


Here (nqA/d) is cons- 
tant for a given semiconduc- 
tor and can be determined 
easily. Thus the measure- 
ment of Vh and z, Le., the 
voiimeler and ammeter read- 
ings will give the value of B 
of magnetic field in which 


the semiconductor or Hall probe has been placed. 

(z‘zp^ iceman Effect. In 1896, Zeeman discovered that spectral 
lines at^spjit^up into components when the source emitting the 
linens j^M^d in a very strong magnetic field. The simplest case is 
known as the normal Zeeman Effect. A single line of wavelength 
^0 in the absence of a magnetic field is split into three components 
with wavelength Xq— / A, A^ and A^+^A when viewed at right angles 
to the magnetic field B. The shifted lines are plane polarized witn 
the electric vector perpendicular to B, while the line of wavelength 
A„ is plane polarized with the electric vector parallel to B. Only the 
two components with wavelengths A^ibAA are seen when viewe 
along B, they are circularly polarized. 


» 





Aq+ax 

Vicvyod i <0 B 


c o 


! 0B 

J i 0-^ 

Aq-aA 

Viewed II to S 


Fig. 8.12. 

Classically a charge performing simple bar mode [potion 
radiates light. In the absence of a magnetic field, the electron 
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moj'^r--kr 


and the frequency vq — 


1 


^7w 




...( 34 ) 

In the presence of magnetic field B, the component of the 
motion No B IS unaffected and the angular velocity ^changes to^^. 

due to the perpendicular component. In general Ly simple har 

monic vibration can be regarded as the sum of two Zernosed 
^rcular motions with the same frequency but in opposite direcHon^ 

D« .o,h,„ddi,i„„al ror„.(vxB), ,he frequMaes tkese two 

from diffeteot Viewed perpendicular to 8, radiation 

v wor I ,Sb”now 

moj^r=^kr^ev 8 


— mcoo^r:izerojB 


or 


oj‘^-~ojf^^~(aj Fa»o) [UJ~ coq) - -^ecuB/m. 

Since 01=1 ti >0 and m hence the modified frequency 

'*~'^Q±eB! 47 Tni. 

(iong^,‘jLuNr,L':„tSS 

Ws oSs!r;);tXwe&^^ FrorL 

and £>/m was found 1.6 X 10’^ C/kg. ^ ^ ^ negative 

of e/m^j^ecific charge) of the electron h determination 

mag^efT^eldsinnmtualJy^^ and 

JO pass i„ the plaue ofi bitlfSiVec,”' STe" aS'd 1!'°*'“ 

ween ihe calhode C a!r'd^anodr*d^of ''a ^ensch^*'*^" of high pd bet- 

produced are allowed to pass through slitfpt tnd a ^ f^^trons so 
the potential of The benm rh i ^Iso kept at 

and produces a spot of light at (J on^ih-^fl ^ 

5 de?4?r'T. 'il' c'.a'r™»*'rr"^ '^’'fr'“ » '-oo’S." 

.o E is i. up.a'r-d di'tS^hSl?,* -d-ilar^^iitLilr 
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i’® adjusted so that the electrons suffer no 
deflection and strike at point O on the screen. In this case 


eE=evB or v = ElB. 



Now electric field is 
the circular arc and fall at 


switched off, the electrons thus describe 
O on the screen. In this case the force 




0 


0 


D 


Fig. 8.13. 


.F-fiev bends the electron beam in a circular arc 

balanced by the centripetal force im^jR. 

V Bev=mv-IR or v=BRelm. 

Combining Eqs. (■5 6) and (37), we get 


such that it is- 



elm=ElRB^. 



As E and B are known, 
cular path in the magnetic field 
Fig. 8.13 (right), we get 


To find R consider arc EF o( the cir- 
regioii. From the geometry of the 


OO'IGO^EFIR or R=£FxGOIOO\ ...(39) 

. FF is replaced by the width of the magnetic flux 

region and G is taken at the middle of the region. Thomson's value 

or e/m was J .7x 10*^ coul/kg, which is in excellent agreement with 
the modern value of 1.75890 x lO^' coul/kg. 

(iv) Cyclotron. In 1932, Lawrence developed a machine 

named cyclotron, for the acceleration of charged particles, such as 

pro on s or deuterons. These particles (ions), starting from the 
central source are caused to move in circular orbits by magnetic field 
and are accelerated by the electric field. 

In its simplest form, it consists of two flat semi-circular meial 

boxes, called dees because of their shape. These hollow chambers 

have their diametric edges parallel and slightly separated from each 
other. A raoio-frequency alternating potential of the order of 
megacycles per second is applied between the dees, which act as. 
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t=nrlv =nM I Bq. . . . (40) 

This relation indicates that time t is independent of the velo- 
city of the particle and of the radius. For any given value of Mjqy 
it is determined by the magnetic field intensity. By adjusting the 
magnetic field intensity the time can be made the same as that 
required to change the potentials, On the other hand the 
oscillator frequency can also be adjusted to the nature of a given 
ion and lo the strength of the magnetic field. The frequency of 
the oscillations required to keep the ion in phase is given by the 
relation 


f^\jT=\l2t = Bqll^M. .*.(41) 

If the oscillation frequency is adjusted to keep the charged ion 
always in phase, each time the ion crosses the gap it receives an 
additional energy and at the same lime it describes a flat spiral of 
increasing radius. Eventually, the ion reaches the periphery of the 
dee, where it can be brought out of the chamber by means of a 
deflecting plate charged to a high negative potential. This attractive 
force draws the ion out of its spiral path and thus can be used easily- 
If K is the radius of the dee, kinetic energy of the ion emerging from 
the cyclotron is thus given by 

E^W{BqBIMy=^B^R^qV2M=-27i-R^f-M. ••■( 42 ) 

This relation indicates that the maximum energy attained by 
the ion is limited by the radius magnetic field B or the frequency 
of the alternating potential/, it is independent of the alternating 
voltage. It can be explained by the fact that when the voltage is low 
the ion makes a large number of turns before reaching the periphery, 
but when the voltage is high the number of turns is small. The 
total energy remains same in both the cases provided B and B are 
unchanged. 

Cyclotrons are usually described in terms of the diameter of the 
pole faces of the magnet. The first machine constructed by Lawrence 
and Livingston in 1932 had a magnet with pole faces 11 it^ches in 
diameter and produced 1.2 MeV protons. The first cyclotron (A 
dia» in operation in India is at Physics Department, P.U. Chandi- 
grab- The first Indian S8” dia cyclotron is at Calcutta. 

(v) Mass Spectrograph. Instruments are used to measure 
mass numbers, to determine the relative abundance of isotopes or to 
produce separated isotopes. Instruments in w'hich we use a photo- 
graphic plate and obtain the series of lines (called the mass spectrum) 
on it are know'n as mass spectrographs. Instruments in which as elec- 
tric or a magnetic field is adjusted to make each part of the spectrum 
in turn to fall on a fixed detecting slit and measured electrically arc 
called mas spectrometers. 
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All mass spectroscopes start with an ion source where the ions 
are produced either by electron bombardment of gases or by heating 
the suitably coated filaments. The ions are first set in motion with the 
help of an accelerating potential. In the spectrograph designed by 
Bainbridge of Harvard University, thus known as Bainbridge mass 
spectrograph, a velocity selection is used to obtain ions of particular 
velocity v. The velocity selector allows a beam of a positive ions 
having the same velocity v to pass undeviated through crossed electric 
and magnetic fields E and B. In this case forces due to these fields 
are equal and opposite. 



Fig 8.15. 


Force due to electric field qE= Force due to magnetic field Bqv 


or 


v==ElB. 


(43) 


All the ions having the same velocity (v = £/5) enter the analy- 
sing chamber through the slit s’,. In this chamber another magnetic 
field B IS applied perpendicular to the plane of paper and in outward 

o/h different masses move in circles 

of different radii such that 


Magnetic force ^v5'=centrifugal force mv^r 


or 


r=mvlqB' ={vjqB')m. 


..•(44) 


This relation shows that the radius of circular orbit is directlv 

proportional to the mass m. Therefore the ions having sPme valu^ 
of qjm are focussed on to the different positions on the photogrlohk 

pS? -Si. '(7‘Sa.S 

for the deteTStion mass spectrograph using such fields 

Thomson’s 
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Positive rays also called canal rays are produced in a discharge 
of aluminium disc) and a cathode (rod 

pass through the strong electric and mag- 

dirlcdoi^* parallel to each other and perpendicular to the ray 
direction. Let us calculate the effect of these fields. ^ 

^ and mass m moving along the 
negative z direction with an initial velocity v. 



Fig. 8.16. 

B ficlds bc along the >’-direction. Due to the 
gnetic field B, a force (7V x B will act on the charge particle along 

relafion acceleration produced will be given by the 


ax = qBvlm. 


If this field exists in the length li, the time taken by the particle 
to traverse the magnetic field with velocity v is 


Hence the displacement of the particle in the jc-direction at the 
end of the magnetic field 

Xi = i axti^=^l(qBv/m) (/i/v)®. 

If the screen is placed at a distance Li from the end point of 

magnetic field the further displacement of the charged particle along 
jc-axis is 


Xt = Li tan $=Li 



_ qBL^ /, 

Uslx — 

mv 




Total displacement a:=x:i+:c 2 = -I-+L 1 /i) "(45) 

mv\ 2 / 

As discussed in article 8.4, the displacement along _y-direction 
due to the electric field in y-direction on a charged particle moving 
along z-direction with a velocity v is given as 



wv*V 2 


+ ■^24 







Magnetostatics 


313 


Srthel'J nSS the distance 

irom tne end of electric field to the screen. 


Eliminating v from Eqs. (45) and (46), we get 


;c-=_L (i!:^ + ltL,y- 

m E (ik’ + kLi) y 


m 


Ky, 


...(47) 


Sn^B L'lrfn f calculated from the knowledge of the 
^ and B fields and the geometry of the apparatus. 

sents f this equation repre- 

on « n/ N ^ t measuring ordinates of any point 

of HifT. ^ the value of qjm can be determined. The pLticles 
iffcrent qlm will trace the difierent parabolas on the screen. 

S/T^piTCE ON A CURRENT CARRYING CONDUCTOR 

consider a conducting wire of length (/) and cross-sec- 

plSin^\'^’ which the current /is passing. If this wire is 
placed in a magnetic field B, 

which is perpendicular to the 

plane of the diagram pointing in 

downward direction, shown by 

sign X in Fig, 8.17. 

The current / in a metal 
wire IS carried by the negative 
charges (free, or conduction 
electrons) and the positive char- 
ges (positive ions'. If the positive o /y 

^ v,it^s^a2;d on by an 

Pi = '7i(V,xB). 

density] is from le"ft°o right."'^'^^'^^’ *^ *^*^^ direction of the current 
on by?L"cT“''' '^PPO^he dire;tiun is acted 



F2 = 


92(v2 X B). 


V. »f-Vis'thV'"nui;re['o?+l^cT^ ^PP^site to 

«2 that of . ve charge carriers per unfr ''^’^me and 

r on all Chnig. cn4,s onh?gT.e„ “ndS 

F = («, .</)„(», X X B). 2:Aln.,i„ x B) 

Bo. we know .ha. ihe .ec.or cur.en. density J-J,,,,,,. |.n„aa 

F=A/(jxB). ' 
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Asz — ^y'and the direction of the current is along the length or 
displacement vector I, hence the above relation can the expressed as 

F=/(IxB). ...( 48 > 

This relation is very useful when the conductor is of any 
shape and makes any arbitrary angle with the field. Actually it is 
equivalent to the relation (3) which is for a single carrier. 

If v/e consider a differential element of a conductor of length 
d\, then the force dF is given by 

dF=^i(d[xB). ...( 49 )- 

The Eqs. (48) and (49) describe bo^h the magnitude and 
direction of the force. The direction of F (or dF) is ± to the plane 
containing j (or I) and B. 

8.8. FORCE AND TORQUE ON A CURRENT LOOP IN A 
UNIFORM MAGNETIC FIELD 

Let us consider a very simple shape of the loop, a rectangular 
/on;?, as shown in Fig. 8.18. Its sides are of lengths a and 6. It is 

free to rotate about the axis 
through its centre of mass 
i e. axis 00' which is _L to 
the direction of the uniform 
magnetic field B. Let the 
normal to the plane of the 
loop makes an angle 6 with 
the field direction B. 

If the current i is 
allowed to pass through the 
loop, say in clockwise direc* 
tion when viewed from the 
right of the Fig. The net 
force on the loop is the 
resultant of the forces on its 
Fig. 8JS. four sides. Using the force 

Eq. (48), applied to the top 
side AB we find 



Fi=/(lxB) or Fi=iaB sin (90^— ^)— mB cos 6. 

The vector cross product indicates that this force is in the 
downward direction. One can show very easily that the force Fj 
on the side CD has the same magnitude but points in the upward 
direction. As these forces Fi and Fg have the same line ot action, 
hence the net force on the loop from these elements AB and CD is 
zero and the net torque due to these forces is zero. 

The force Fg on the side BC is ibB. It is along the outward 
normal to the plane of paper. The force F^ on the side AD has the 
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same magnitude ibB but is aloog the inward normal to the plane 
of paper. These forces Fg and F 4 are thus oppositely directed. 
These do not have the same line 


of action and thus constitute a 
couple. The net torque tends to 
rotate the loop in the direction 
of the torque. Using Fig. 8.19 
the view looking downward 
on the loop, we find for the total 
torque or the moment of the couoie 
~=ibBxa cos (90- sin 
where A is the area of the loop. 

In the vector form, it can be 



fig. 8.19. 

written as 


t-/(AxB. ...(50) 

where A is the vector area of the loop, having direction given by 
the right hand screw rule as : If ihe current loop is rotated in the 

S' in the direction of travel of a 

right hand s ren subject to such a rotation. ^ 

Eq. (50) also holds good for all plane loops of any shape 
having an area A (To be proved in example 12). ^ 

If a coil consists .V turns, the torque acting on the entire coil is 


- N’~-iIV AB sin 6. 

The coil is rotated by this torque 

position reaches in which area vector A is in 
the field B. 


...(5i) 

until the equilibrium 
the same direction as 


Let us now compare the relation (51) with the exoressio.. fnr 

thw torque acting on the electric dioole of dipole monent n nia n 


...(52) 

?he'fi'!,'SronWs'':;ur/'froun^^ loop ar^^nfhe ^ 

current. ^ direction of the 

magnetic held B, \\w k”m u s°°be done dipole is placed in a 

the orientation of the dioole Thic' agent to change 

energy of the magnLtk dlMe Bv 

made for electric dipoles ma'-netir assumption 

is 1 to B. It the mapn^ri^ f n assumed zero when p„ 

the zero energy .oosition, then* ° ^ burned through an angle 0 from 
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^ jgo- ^ d6=~p^ B cos 6 

""“P-"®- ...(53) 

Jt IS same as for energy of an electric dipole in an electric field E, 

z.e. (/=— Pe. E. 

8.9. MAGNETIC FIELD OF A MOVING POINT CHARGE 

know that a point charge q, at rest in the observer’s iner- 

4rS y^tejn, produces an electric field along the radius vector and 
IS agyeH as 





charge is moving relative to the observer’s inertial 
'i a mapetic field as well as an electric field. The 

proportional to the speed of the 
to the observer (provided speed v<c, the velocity of 
f travelling with a moving charge detects no 

magnetic field The magnetic field vector B at the point P at a dis- 
lance r from the charge q moving with a velocity v is found to be 



P 




Fig, 8.20, 




The direction of B is thus perpendicular to the plane of v and 
'T in the direction of advance of a right handed screw rotated from 
V to r. Its magnitude is 

^0 ^ sin 6 

4k 


The B is thus zero at all points on a line through the charge 
in the direction of v, as 0=0 or tt, sin ^=0, for all such points. B 
IS maximum in the plane perpendicular to the v and through the 
charge as sin B=\ at all points in this plane. B remains unaltered 
!in magnitude at all points on the circumference of circle passing 
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through P and lying in a plane X to v with its centre on the v direc- 
tion. Thus we see that unlike the E field of the charge which is 
radial, the lines of induction of B are circles in plane J. to the 
velocity vector V. with centres on a line through this vector. The 

direction of B is given by either : — 

(u) Maxw'eU's corhscrew rule. If the direction of the current 
through the conductor is represented by the linear motion of the 

cork-screw motion, then the direction of the magnetic field can be 

represented by the direction of rotation of the cork-screv. 


^b) Kight hand claps nue. If a conductor carrying a current 

IS elapsed in the right hand so that the thumb indicates the current 

direction, then the direction of the magnetic field is represented by 
the finger tips round the wire. 

The constant of proportionality is and is having value 10~' 
weber/amp-m. Thus quantity 

[i„=4:TX 10 ’ WbA~^ m~^ (or newton secVcoulomb*) 

fU‘ called the permeability of free space. The reason for 

this choice of the numerical value will be explained in the next 
article. It is very clear that— 

^onstant of propor ti onality in e lectric field relation I/4K£n 
Constant of proporiionaiity in magnetic fieldTefaii^"^ 7i^/4T; 

_9.0x lO^ Newton-jr.eter‘'*/couP 

10-^ Newton se^/coul^ =9x 10 metre-sec-’, 


which is equal to the square of the speed of lisht c. This suggests 
that there may be a close relation between electricity, magnetism and 

light, = 1/C“. 


Using relation (3), the force acting on a charge q' 
velocity v', in a magnetic field B given by ’ 


moving with 


then 


F=^'v'xB. 

If this field B is set up by a charge q moving with velocity v, 


F.,Vx« (,x,)= ««..v-x(.x,). 


...(56) 


which corresponds to coulomb’s electrical force between the charges 
Sbsenlr aTiS ” ” '' relative M Tn 


8.10^ THE BIOT SAVART LAW 


^ Jt is the relation for the magnetic fit 
atMns based upon the experimental facts. 


by the current element 
is the improved form of 
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the relation (53). Let us consider a small section dl of a wire of a 
cross section ^ carrying a current/. If rns the number of charge 

Sdty ?%hen charge 9 and moving with a drift 

i=nqy. A=nqAv or charge dQ=Anqdl. 

''f current 

element dl at any point P at a distance r from this element is 

d'R=>tliQ (vxr)= (vXr) 

4nr^ ' r® 


IJ.n _Afiqv{d\X T) _ jij ^ 

47c r® 47cr® ' ^ 


...(57) 


If ^ IS ca 'ed Pmt-Savar/ law for an element. Here, d\ is a vector 

direction of v or current. Here we see 

plane of dl and r. 

Ivlipf ^ ^ complete current 

Circuit IS thus given by 


B = 


dB 


-7;j7.wi 


xr) 


.,.(58) 


dl 


eiven can not be verified experimentally, however B, 

given by Eq. (58), can be measured experimentally. 

To define unit of current, ampere^ let us consider two elements 

A and B of lengths d\^ and d\^ having 
currents ii an Zg respectively. Jn cal- 
culating the force between these ele- 
ments, the first step is to calculate the 
magnetic induction dB at the right hand 
conductor (say) due to the current in the 
left hand conductor. 

dB = J^ i, — 

4k 

In this case dB is 1_ to dh and rig 
and is directed into the paper, as r ,3 
points from A to B. Next the force equa- 
tion is applied to the right hand element, 
giving 



dF=i^d\^XdB = 


_ f^o hU 


3 ^J2 X {^d\i X T] 2). 


...(59) 


The total force on the second wire due to the current in the 
entire length of the first wire is obtained by integrating this equation 
•over the whole lengths and /g. 
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d\^ X (t/lj X Fjj} 


^ 12 


a 



This equation does not appear to be symmetrical in respect of 
dli and Jlj, i e. the force on one wire does not appear to be the 
force on the other wire. A use of vector algebra shows that this 
equation is symmetrical and thus not violating Newton's third law. 
This relation is equivalent of Coulomb’s law equation for the force 
between static charges. If these current elements are each of unit 
length and at a unit distance apart and are so oriented that the factor 
lilaX WliXr),V^ is unit' . "Ihen the current in the elements are defined 
to be an ampere, if the resulting force is K)‘" new'ton. From this we 
get /xq— 47iX 10“^ 


Thus we see that /x,, is obtained from the definition hence can- 
not be measured experimeniaily. On the other hand is a measured 
quantity and can be found from Coulomb's law. 

8,11. CALCULATION OF B BY USING BIOT-SAVARF LAW 

Long straight *ire. A point P is chosen at a fixed 
^:drf(ance R from the long straight 
wire AB, carrying a current /. 

Let us consider a small element 
dxsil a diUance x from point O, 
the fool of perpendicular from 
point F to the wire. Using Biot- 
Savart law for this element, we 
get 

dB — 7,' dxxr. 

4tc 

The direction of r/B is per- 
pendicular to the plane of d\ 
and r and is directed into the 8,22. 

plane ol paper. This is the direction for all current elements. Hence 
the total magnetic field 




dx sin 0 


From Fig. 8.22, sin (180 — or r=R 
cot S or dx - R cosec^ 6 dO. 


cosec 6 arnd x=—R 




cosec® Q sin 6 d6 
R^ cosec- 6 




sin 6 d$ 


4k R' IkR 



This relation indicates that the value of a is same for all points 
at the same distance from the wire, thus the lines of magnetic 
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induction are circles concentric with wire and lying in planes J. to 
nu-. IS analogous to the expression for E due to a lone 

natufe‘^ (I/47t£o)(2A/r) and thus shows its electrostatic equivalent 


{b) Circular current loop. Let us consider 
r^ius a, having turns n and carrying a current i. 
dS at point P on its axis at a distance x from its 
current element AB of length d\ is 


a circular loop of 
The magnetic field 
centre, due to a 




^Ixr 


flip vppt or coil is 1 to the plane of the paper, 

co^fsSp^of” ^ ^ 'o the plane 

r/BTfor"r/«t- ^ can be resolved into two componLfs, ’one 

nenff/^rnp^* the. axis. By symmetry the compo- 

component due to bottom element A'B' and so on and the 




Fig. 8.23. 


resultant ^ is in the direction of the axis and is equal to (dB sin a. 

where a is the angle between r and the axis of the loop and sin 
o.-olr. Hence 


B— [ i o sin 90'^ sin « 

J HTC r“ 

= 4 ^ sin a [ dl, 
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As a and r are constants, so they are taken outside the integral. The 
integral of dl around the loop is If r and a are expressed in 
terms of the constants a and x, we then get 

.It 

• • -( 62 ) 

At the centre of the loop, x=-0 and B=fXail2a, pointing along 
the axis of the loop in a direction depending on the direction of 



current flow. B is assumed positive when it is directed toward the 
viewer and the current is assumed positive when it is directed coun- 
terclockwise as we view it. If the coil has N closely nacked tnrn= 
the result is multiplied by N. Thus ’ 



We have not considered the effect of current leads to the loon 
their contribution to the field can be made vanishingly small bv 
keeping them close together. As the lines of force are concentric 
circles around the wires in opposite directions for the two wires thev 
cancel when close together as in the lead wires. ’ ^ 


As Tra*=/4, the area of the loop, and r=x annroYimQtai e 
the points for which x>a. we therefore get ^ 

This relation shows that the current ir»nn * 

magnetic field and hence can be regarded as rnagnetfc dinn!^ its own 
the axial S field of .he loop a. ,ar|e dis,a„c« ^ 'e ,h "e- ■ fie,J'’“f 

an electric dipole [£’=(i/4;rO (2m:/xni on the n if i. ^7 . ^ 

dipole and the term (WT) corresponds to electric dioole mn ^ 

of the dipole. Therefore the term / s' A is calS the 

moment of the loop and is represented by p„, (or m) S 'C ipole 


B = W4’r) 2pm/ x^. 


...( 65 ) 
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It was pointed out in article 8.8 that a current loop is acted on 
by a torque when placed in an external magnetic field. The loop is 

in stable equilibrium when its plane 
is at right angles to the external 
field. But we have just proved that 
this coil has its own magnetic field 
along its axis, i.e., _L to its plane, 
hence the equilibrium position is 
such that within the area enclosed 
by the loop, the loop’s own field is 
in the same direction as that of the 
external field. The lines of force 
due to the current through the 
coil with in space nearer to it is 
;>hown in Fig. 8.25. It shows that 
at the centre the field is nearly 
constant, /.e., the lines of force are 
approximately parallel equidistant 
straight lines. 

Fig. 8.25. 

(c) Field Hiidway between two similar coaxial circular coils. In 
the preceding article we have seen that the field B varies with 
the distance x. U is maximum at the centre of the coil and 
decreases with x on both sides of the coil. Thus if two similar 
coils are conne.-ted in series, wound in the same sen'^e and are 
placed exactly panllcl to each other, then the magnetic field at 
any poiru on the axis (or the line joining centres of the coils will 
be additive. 



Let the coils each having 
N rums and carrying current 
/ are placed a dis'ance 2d 
a-^ait. Let B be the magnetic 
field at point P on the 
common axis, which is at a 
short distance x from the mid- 
wav point O. Assuming the 
current as flowing in the same 
direction in each coil and the 



radius of each ceil as a. we 
get 

n — ^-ia^N^ ^ 


Fig. 8.26. 

1 1 

[{d-x) +o^f' J 


The field will be uniform (or constant) if dB'dx — 0, i.e. 


^^ia-N ■ - 
{d-Vx) [ d 


— 'Md 4-x) 'hid—x) ”1 Q 

[(r/ x)--i a \(d ~X'-+a'^f’^ ' 

x) ^ r/ f! ^id-x) [(^/+x)*-raT ^ 


or 


...( 66 ) 
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■Now [(d+xy^a^fl^={d^-\-a‘+2xdf'^^{d^+a'^)f‘!-\ 1 + 

~~ 1 

d^^-ta J d +a- 


^{d^+d^f ' - 1 “I 




<<i 


Similarly [(^/-.x)“-hfl-p'-=(J-^4-c2‘<i)5/2 j |. — 

L d^+a" J 

Substituting these values in Eq. (66), we get 


or 2d=^a 


or 5^yV(^^“-r<3‘)= I, therefore d^ajl 

Thus vvo see that, to secure a very uniform field in the central 

region between the coils, the distance apard 2d must be equal to a 

the radius ol each coil. The held B at point O due to current / in 
the coiis 


5 =• 2 ^ ia^ ,V 



8 /x,/ V 
5 v 4a 



*u field in the space between the coils is the sum of 

or!„i individually, and may be traced out 

g 1 liically by erecting ordinates at a number of points equal to the 

rst"milhi'ii‘' Ihose points The graph of the resultant is 

a stral ht l ac /or a considerable distance on either side of the mid- 
point O it IS sue to the fact that on either side of O, field due to 

decreases and the 

rates of increase and decrease ate equal at points close to O This 




E/g. 8.28 


Fig. 8.27. ^ 

i-'ig- ^-27. The dotted "’auvTs show the 

^sf-r;s tsrt) sill 
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arrangement of two identical circular coils mounted co- 
axially m series with their centres at a distance apart equal to the 
radius of each coil is used in Helmholtz galvanometer. A suspended 
or a pivoted magnet, usually a deflection magnetometer, is placed at 
the mid-point O on the common axis. As the field is uniform around 
this point O, the error due to the finite size of the needle in tangent 

avoided in this case. If 6 is the deflection in the 
needle, then tangent law gives 


8/IoA^^ rr /, 


or 


5x/5aH 

^ = tan 6^ 





earth magnetic fleld. The 
coils of Helmholtz galvanometer are to be placed in magnetic meri- 
Ulan, i.e.y parallel to the H direction. 


{d) ^eld along the axis of a solenoid. The name solenoid was 

° u to a wire wound in a closely spaced spiral over 

a hollow cylindrical non-conducting core, as he thought the cylindri- 
cal coil as a canal confining lines of magnetic field in it. The name 

solenoid is from the Greek word for channel. If n is the number of 
urns per unit length, each carries a current /, uniformly wound 

round a cylinder of radius a, the number of turns per length dt of 

the solenoid is ndx. Thus the magnetic induction field at the axial 
point O due to this element dx is 



Fig. 8.29. 



i n dx 



Its direction is along the axis 
of the solenoid and in the sense of 
advance of a right handed screw. 
From the geometry of the Fig. 8.29,. 
we know 


cot B and dx=—a cosec^ 0 dQ and hence 

ft 

dB=~~\iJ.Q ni sin 6 dQ. 


Total field B due to the entire solenoid is 


r 6 

B=\f.t.Qni \ * (— sin 0) i/0 = i/xo«/ [cos cos ^i]. 

jQi 


2 LI 


L— / 


[a3 4-(L-/)2]i>2 


72J, 2 ] . 


...(71) 


where L is the total length of the solenoid. The value of B can be 
easily determined from this equation at any point inside the solenoid 
on its axis. 
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If the solenoid is of infinite length 
chosen at the middle, i.e., if ® 

' 01 = 180 °, 62 = 0 , then we get 


(L>a) and the point O i 




IJ-oni. 


-..(72) 


At the end of the 
solenoid, 

^1 = 0, 01=90^, we get 


■(73) 


B=l^ ri. 



Fig, S.30. 


Thus the field strength 
at the end of a long sole- 
noid IS just one half that at the centre and the half the lines of force 

ih-olu,h ^ solenoid pass out 

itiiOigh the sides before reaching the end. (Fig. 8.30). 

coil number of amperes circulating around the 

per metre of length of coil, is known as solenoidal current density 

and is denoted as (or A) which is to 
be distinguished from the conventional 
current density j. 

Relation (72) may be applied 
also to a solenoid of small radius bent 
round to form a toroid or anchor ring. 
In an ideal toroid, thp field is confined 
entirely within the core and is sensibly 
uniform. The value of the magnetic 
field at any point on the mean circum- 
terential line is given by 

B -fx^ m-^,(/V/27tft) i 

~HNil 2 nH, ...( 74 ) 

where N is the total number of turns 
and R is the mean radius of ring, 

AMPERE’S CIRCUITAL LAW 
do noradS^from magnetic field are continuous and 

originate on f°rce 

or end ‘ hese thus form loops without any beginning 

"aSaic fi d "aTS f' '» .te „af 

ourranu' ,“a “S “’’mS'”’ fh «'« !<>“"« » long wi,a carayiag a 
.ba wire i„ ,ie p.a.Vof .he paleHfT'wSs 
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line integral around the path of radius r, starting at any point and 
returning to the same point, is 



B . d\=\Bdl 



dl 


f 

27ur J 


dl 


= (ftof/27rr)27i:r=/X(,/. 


...(75) 


We have taken 



r outside the integral as it is constant for the 
particular circuital path. This relation 
is also true, whatever be the nature of 
the closed path. For this let us consi- 
der the diagram 8.32. The field B at 
any point P is in the plane of the paper 
and is _L to the radius vector r from 
the wire O. This B-vector makes an 
angle 6 with an element d\ of a closed 
path encircling the wire, its com- 
ponent along d\ is cos B. From 

the triangle we get 


rd<f> = dJ cos 6 or dl=rd<i>lcos 8. 
B.dl = BiJ/=B cos 19 dl=Brd<l> 


Pol 

2nr 


rd<t> 


2n 


id<l>. 


Hence the line integral of B around the closed path is 



^.dU 


27 = 


...(76) 



Thus we see that the line integral does not depend on the shape 
of the path or on the position of the wire with in it. 

If the current is in opposite sign, the line integral 
would have the opposite sign. If any number of Jong 
straight conductors pass through the surface bounded 
by the path, the line integral equals times the 
algebraic sum of the currents. 

For the path, through which no current flows ,, 

is chosen (Fig. 8.33), the line integral is zero, because 
the angle ^ then has the same value at the start and finish of any 
round trip. Thus the conductor may contribute to the value of B 
but the line integral of such a field around the path not consisting 
this conductor is always zero. 

Above results can be summarized as ; The line integral of the 
magnetic induction B around any closed path is equal to times the 
net current across the area hounded by this path. It is called Ampere's 
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'■o'® 'O magnetostatics that Gauss’s 
law played m electrostatics. 

^ ^®g'on of distributed current 
^ement dS of the surface bounded by the closed path. Hence 


or 


Using Stokes theorem, we have 

i^B.rfl-Jcurl B.dS=ix^ j \.dS, 

curl B=,Xoj. 


.. (77) 


This is the differential form of Eq. (76). This estahlicVioc 
local relation between current density j and magnetic induction B at 

'^eliave a new kind of situation Xch is 

rE f/l = o"'^^'^^ from electrostatics, where we had curl E -0, or 


rotat.y"],'''® electrostatic field the magnetostatic field does have 
rotation hence cannot be conservative. At any point where i -0 the 

value of V X B ^0. If a field exists at ail, j can not be zero'e^erv 
where and 7 x B?t0 everywhere. For the singly connected volumes 
which do not link any currents, it is possible to treat B as conser- 
vative in this restricted volume. One may then proceed to treat B 
in a manner analogous to electrostatics. This is the case vi/iih 
permanent magnets with no conventional currents. 

Divergence of Magnetostatic field. Divergence of maan.f 
field B IS defined as the flux of B through the^ surface V ^ 

r" '■ »» 1>« ob-ine-i cl.rec,l, f„„, £ fi^sS 


B= ^0 f jxr , 

47 C Jr 


div B=V.B = V. 

4k 


(as idl^iJy) 


( j X r) 


dV. 


Since the del operator is a function of the * /■* 

point) but the independent variable under the integral ^sien 
function of the source point hence the del operator mav h!.® 1 

to the right of the integral sign. Therefore 


7 


■■*= 4T l7{ ‘J-J 


Using the vector identity 

V .( A X B) = B.( V x A) - A.( 7 x B) with A =] and B = r/r^ we get 
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v ( ix>)=^-(vxj)-i.( vx^l 

The first term on the right is zero as j is a function of the source 
point, while the del operator derivates w.r.t. the field point. 



Vx^=7x[-v(^)]— Vxv(-‘V 


Since the curl of the gradient of any function is identically 
zero hence the second lerin V X (r/r^) is also zero. Consequently 
the entire integrand vanishes and 


V.B-0. .. (78) 

. . vector B is found to be solenoidal. We have found 

re ation (78) for magnetostatics but this can be found to hold true in 

^ it to the analogous equation in electrostatics 

‘ conclude that there is no magnetic analog of an 

e ectnc charge. There are no magnetic charges from which lines of 
B can emerge. The magnetic flux 





V.B dy. 



Since V.B is always zero, hence the flux over any closed sur- 

tace IS zero (i.e,, lines of B close into themselves and do not have 

sources or sinks of magnetic flux). It shows that the magnetic charge 

known as the magnetic monopole can not exist as the lines of B 

^ossing any closed surface around this pole will not be zero. 

Despite of intensive research for the existence of monopoles no 

experimenial evidence has yet been found. If any source or sink 

of magnetism is ever found the law of Biot-Savart will have to be 
altered. 


8.13. APPLICATIONS OF AMPERE’S LAW 

Similar to the Gauss’s law in electrostatics the Ampere’s law 
is useful for the determination of magnetic field at any point. 


{a) Long Cylindrical Wire. Let us consider a straight wire AB 
of radius R, along which a current i is flowing. The lines of mag- 
netic induction are concentric circles centered in the wire in planes 
J_ to the wire. Hence the field B at point P at a distance r from 
the axis of the wire is given by Ampere’s law as 

§ B.d\ = fxj^i, 

B , Inr^fi^i or B — fxoillnr. ..-(80) 

If r<R, i.e., the point P is inside the wire. Symmetry suggests 
that B is tangent to the path of concentric circles. If the current 
is steady and therefore distributed uniformly through the cross- 
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section of the wire, the current surrounded the path is Thus 

from Ampere’s law J Bdl= , 


or B{2Kr )~ or B=y.^^ir!2v:R‘^. 

At the surface of the w'ire. r = /? and we get the same relation 
as obtained from Eq. (80). The graph between B and r is shown 
in Fig. 8.:^5. 

{b) Long Solenoid. Let us consider a long straight solenoid 
(L> >/i') having /7 turns per unit length. If the solenoid wire is 
closely spaced and carrying a current /q. The field of a solenoid is 
uniform on its cross-section in the middle region of the solenoid. 
Ampere’s law can thus easily be applied for the value of B inside the 
solenoid with in the middle region. 

For the field at point inside the solenoid, let us consider a 
rectangular path ABCDA as the path of integration. This path is 
particularly simple as : 

(a) Outside the solenoid, along 
CD, we can assume field to be zero, 
it is many times weaker than that 
inside. 


B.^/I=0. 

(h) Along BC and DA, B is Fig. 8.36. 

either zero (for outside parts of BC and 
DA) or perpendicular to B (for the 
parts inside the solenoid). 



D C 
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(c) Inside the solenoid B is constant and is along AB, 


^B.d\=B(AB)=Bd. 

A 


Let us now apply Ampere’s law for ABCOA, we get 



B.JI- 


[B 
A 


B. ^^1 + B. d\+ B. d\+ B.dl=^fXoi 


^d^f^^ndiQ or B^ix^ni^. 


...(81)’ 


This is same as obtained by Biot-Savart law (Eq. 72). 


(c) Toroid. Let us consider an endless, solenoid in the form 
or a ring also called toroid, wound uniformly with turns. The 
lines or force are circles in planes parallel to the paper with centres 

on the axis through O. For the 
path 1 of radius r\, B at all the 
points will be tangent to the path. 
Hence 


/ 



path 3 


' ' / / ^ath ( 



t 


fB.dl=B 2Trri — 

since the current enclosed is zero. 

The line integral and thus 
.5=0 at all points of the path 3, 
(i.e., outside the toroid), as each 
turn of the winding passes twice 
through the area bounded by this 
path carrying equal currents in 
opposite directions and the net 
^ current / through the area is zero. 
Thus the field of the toroid is confined wholly to the space enclosed 
by the windings and the toroid will work as a solenoid bent into a 
circle. For the path 2, we have 


Fig, 8.37. 


§B.d\^B2nr==lj.QNi or B^^^Nijlizr. •■•(82) 

If the cross section of the toroid is sufficiently small, the varia- 
tions in r can be neglected and Nflnr can be written as n, the num- 
ber of turns per unit length, then B=is.^ni, which is as for a long 

solenoid. 


8.14. VECTOR POTENTIAL A 

According to the Biot-Savart law the magnetic induction B 

at any point P at a distance r from the current element of volume 
^Fis 
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Using the vector identity 



( 


X j = Vx 


r 



Vxj, 


where the second term is zero because j is a function of the source 
point. Thus we have 


471 J p 


VX 



dV=\/X 



Here curl operation is taken outside the integral since the inte- 
gral is over the source point. To under^tand it more clearly let 
X. y, z be the coordinates of the field point P and jc', z' be that 
of the source point ^current element). Then above relation becomes 


» 

Bu, z)-Vx^« 

^Vi J 


}(x', y', z') 




Here r is the function of .r, y, z and x', /, z as it is the dis- 
tance between field and source points. 


From above equations it is clear that B can be written as a curl 
of a vector A, where 



or A (x, J. z) 


_ Mo f j 

477 J 


(x\ V 


— ^ dV\ 



The components of A vary as l/r, like the electric potential X, 
whicti does not diverge with in a charge distribution. As divergence 
of a curl of a vector is always zero and div B^O can be written as a 
curl of a vector and thus A is a vector. Due to these reasons A is 
known as vector potential. 


The integral for A is easier to evaluate than the original equa- 
tion for B. Hence B is obtained by calculating first A and then 
making curl operation. 

Vector Potential and Biot-Savart Law. Since the free magnetic 

poles do not exist, hence divergence of B is zero everywhere 

Since divergence of curl of any vector A is always zero hence 

one can define B as a curl of A. As curl of B is equal to Mni 
therefore 


curl curl A=/Xoj. 
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Using the vector identity V X V X A= \7 V.A— V*A 


we get, vV.A-V*A=^oj. 

Since div A=(/io/4;t)J V.(j//-) dV=0, hence 

It shows that A is a solution of the vector Poisson equation. 


...(84) 




= J. 

47c J r 


dV. 


...(85) 


element°ofW?h"r^nH‘°^ " " ^ue to a small 

r from this eleSent is ^ Potential at a distance 


Sa=^»- J- J 


4tc 


4n 


Shi 


i“0 


i 


31 


r ' 

element who^^Sne Ts^noTmai iJjT ^ 

field B 18*^13^ given ^ contribution of SA to the magnetic 


SB = Vx8a=V X 


A»i) . ^ 

4k ^ r 


/^o 


47t 


iVx 


d') 


Mo 


= * I 


471 


[-t 7x8l + v(y)xS| 




Mo 


47Z 


ihlx 


( 



Mo y X r 


4n 


a 


...( 86 ) 


e Biot-Savart law. 


^.15/THE^AGNETIC dipole 


J circular loop of wire of radius a and carrying a 
• lo find B, first calculate A at a point P on the x~z — plane, 
vector potential dA at this point due to an element dl 
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4?: r 

Since d\ is in x-y plane, 
hence dX is in x-y plane. For 
any given value of r\ we can 
consider two symmetrical d\ 
elements whose ;-components 
add and whose x-components 
cancel. Thus total vector poten- 
tial due to the whole loop 

A ^0 • I 

4“ Jo r ^ 


P'lx.y.z) 



{Qd<t>) cos (f> 


or 


An 


From the geometry of the figure 

r'^=r‘^ -\-Q^—2ar cos 

1 

r' r[\-\-d^ln— (la/r) cos 0 ]*^^ 

We have assumed here that a<<r. 



Fig. 8.38. 





1 


a 


a 


I U 

7 


cos ifj 


To replace cos *A, let us write r.a in two ways and compare 
(A:i+ 2 k).(a cos <f>\-^a sin ^j) = ra cos 0 or x cos ^=r cos ih 


• JL=± ■ 

♦ • t 

r /" L 


I 


a 


ax 


cos 



and 


a cos <?>(" , j_ox cos 

^~4n Jo r L ^ 


d<f> 


^ ina^ 

An r" 


^ sin e 


or 


iH 

An 


niXT^Moryw^ 

2 ■ — /T ■ V ^ ^ , 

An r 


-.(87) 

where in is the dipole moment, given by in^/(7rfl“)k = /S. It is alon 

the motion of the right hand screw if is rotated alone the ni,r.« f 
flow. current 


The magnetic field B is given by 


B - V X A 


Mo 

An 


: Vx(vx-™)-jA[v(v.i) 


V 


(t)] 

...( 88 ) 

Here we have used relations V X Vx A= V(V Al — 

V'^(l/r) = 0 for r^O. The relation for B is same as obtained for 
electric field due to an electric dipole. ^ 


M 
An 
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The relatioa (88) is of the same form as the expression for the 
electric field due to an electric dipole of dipole moment p 

Thus the electric and magnetic dipoles give rise to similar 
fields. If we draw lines of force due to these dipoles, we find a 
fundamental difference —The electric lines (jf fiux leave an * terminate 
on charges while the magnetic lines of flux are continuous closed 
loops 


For an arbitrary current loop the magnetic dipole moment is 
defined as m =/S. The positive direction of current flow is related 



Fig, 8.39, 


to the positive direction of the sur- 
face by the usual right hand rule. 
To generalize the magnetic dipole 
moment to a volume distribution of 
stationary current, we first express 
the vector area. Let be a vector 
from some convenient origin to a 
point on the arbitrary current loop 
C, The vector area of the shaded 
region due to an arc of length dr is 


^ X dr. 


Ihe area subtended by the contour 

S = dS = -l§, TXdr. 

The magnetic dipole moment of an 
therefore given as 


C is 


arbitrary shaped loop is 


in=|f §c rXcir. 

For a voluine distribution of current, current can be separated 
into a large number of infinitesimal closed current flow tubes. For 

tube, current di~jd '3, where / is the current density and 
dS is the cross sectional area of this flow tube. A single flow tube 
thus contributes a dipole moment given as 


rx*= ...(89) 

Since dSdr is the volume element c/F, hence by summing over all 
current flow tubes (integrating over dS)^ we get the general relation 
for the magnetic dipole moment as 

= l JcTXj dV. ...( 0) 

Torque on a magnetic dipole. If an electric dipole p .Placed 
in an uniform electrostatic field E, it will experience a torque vector 
"T p X E, but no translational force. Similar to it a magnetic dipole 
experiences a torque vector T=raxB, when placed in a 
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magnetic field B. The torque is such that it tends to align the dipole 
with the field. This relation has also been proved for rectangular 
loop dipole in article 8.8. The generalization to an arbitrary current 
loop is obtained by considering the loop as made up of a large 
number of infinitesimal square loops, each with a dipole moment dm. 
The torque on each square loop dipole is r/mXB. Its integration 
over all the infinitesimal dipoles gives the relation for the total 
torque. 

T= [jmxB- [ /(o'SxBl. ...(91) 



rALVANOMETERS 

rumcnls in w'hich the magnetic elTects are utilised for the 
n and measurement of current, charge, potential difierence, 
ance and power, a^e termed as gal . anon. eiers- Ammeter, 
voltmeter, ohm-ineters and wattmeters are the modified f.mn s of the 
galvanomeieis, an ammeter is a galvanometer in which a small 
resistance is connected in parallel with its coil. The main types of 
galvanometers arc : il d<<jd h rjt or hallt.stir, Movifit: ;/:m- 

firf, Uoipiv.i. ,'>ni g ■ r rinih-V ’ , 


Moving coil ballistic galvanometers arc used for the measure- 
ment of cliarge. Unipivols are used in ammeters, voltinciers, and 
other portable instruments. Vibration galvanometers arc used for 
the detection and measurement ol small low frequency alternating 
currents. String galvanometers arc used for the detection of \ ery 
small intermittent rushes of current and recording them, particularly 
in physiological work. 


The properties of a galvanometer to be considered, w^heii it is 
being chosen, for a special purpose are as foIlow's : (u) Periodic 

iim‘ . {h) Ojmping (r) Zero-keeping qualities, (d) PcMsfance, UA 
Oprual system, ( / ) Independence of its motion hy extirnal magnetic 
fi hi> ae<t (g) Sensitivity 


%Aly. MOVING COIL GALVANOMETER 

y^This type of galvanometer was first devised by Lord Kelvin in 
lA90^and was modified for laboratory use by D’ Arsonval. The 
^/fnciple of a moving coil galvanometer is that when a current is 
passed through a coil, suspended freely in a magnetic field, it 
experiences a force in a direction given by Fleming's left hand rule. 
This force rotates the coil. The defiectipn in coil is measured, which 
gives LIS the strength of current. 


A moving coil galvanometer consists of a rectangular flat coil 
(10 to 20 turns) of insulated line Cu-wire w'ound on a light brass or 
aluminium frame. It is suspended between the poles'^of a perma- 
nent liorse-shoe-shapcd magnet hy a fine conducting wire or thin 
flat strip of phosphor bronze, which also serves to conduct the 
current to an i Iro n the coil. The lower end of the wire is attaclied 

to a small sprvpg (loosely wound helix) and the upper through the 
suspension to the torsion head at the top of the instrument. The 
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axis of rotation of the coil coincides with the principal axis of 
symmetry of the magnetic field. To increase the magnetic flux in 
the gap, a cylindrical soft iron core is arranged within the coil. 


A 



Fig, 8,40. 

The pole pieces of the magnet are cylindrically concave in shape so 
that the lines of force are radial in the narrow annular gap and the 
magnetic field B is perpendicular to the coil surface, in its any 
position. Either a pointer is attached to the coil or mirror is 
attached to the suspension wire. The whole instrument is enclosed 
to a nonmagnetic metallic cover to protect it from air droughts. 
This cover has a central glass window to allow the light to go to 
and from the mirror, and three levelling screws at the bottom su^ 

face (base). Before using the galvanometer the coil is fi**st 

and the galvanometer is levelled properly, such that the coil 
freely between the pole pieces. The moving system is comple e y 

insulated from the metal case. 

When a current i enters the coil of N turns through the upper 
end of suspension A and leaves through the lower end B ot tne 
spring, horizontal and oppositely directed side forces are exerted on 
its vertical sides. These forces produce a couple about a veriwa 
axis through its centre given by the equation. 

•c=Ni (AxB) or t=M AB sin 6, 


...( 51 ) 
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JB^and ^ mangnetic induction 

L field direction 

. rotates in the direction of this couple and comes to 

^ torque exerted by the sus- 

pension wire equals the deflecting torque due to the side forces 

nesfor/ng torqut* c^~ Deflecting couple NUB sin 6 


or 


i — 


e 


NAB sin 6 




I 


(clNAB)e-Ke, 


...(92) 


Salvanomaer constant. Thus lh“ defle-'tion 

angle of the galvanometer is proportional to the current throS it 

rsncctStom"™. »•' “ bP«'n of Ii8l« 

Roflecd light is obs=,.eT „„ a Je iMd'a.rd'”'™'’ '' 

bd.„. tanacod hy the ga,.a„„„"!Lt^"“„V", SllT'").?) “alif,; 


i=K{dl2x\0^) = K'cI, 

where fC is C3.1led the figure oP mprit- i 

of the order of 10-“ amo can fe’^lvanometer. Currents 

nometer of this type. ^ a most sensitive galva- 

large dgls defi„ed\s " Us™!:, "(87) w"geT ” 

deidi=NABIc. 

N, A a^n^d^'^Tn^by sensitivity is achieved by increasing 

more turnTon^/heToil Ihfs i'n5ea7e!The're^- winding 
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between the poles, without decreasing B. Only due to this reason, 
rectangular coil of the galvanometer is always suspended in such a 
way that its smaller side is along the magnetic field direction. 

{Hi) Field B. The magnetic field induction B is increased by 
using a powerful laminated magnet of cobalt steel and by placing a 
soft iron cylinder within the coil. This field B must be so large that 
the deflection does not change by outer magnetic fields, such as 
horizontal component of earth magnetic field, due to any small 
magnet placed in the neighbourhood of the coil. 

(iv) Torque constant c. The torque constant c is decreased by 
using a thin and long suspension (c The suspension 

should be of such a material that it can support the coil and must 
have a great tensile strength, c is further decreased by using the 
suspension in the form of rectangular strip instead of the wire of 
circular cross section. The rectangular strip possesses an additional 
advantage of offering a comparatively large surface area for the 
dissipation of heat produced by the current. 

Moving coils of copper or aluminium have a resistance tem- 
perature coefficient of about 0.4% per \°C. To reduce it, a swamp 
resistance, in the form of a short fixed spiral of eureka wire of low 
temperature coefficient, is connected in series with the coil inside the 
instrument case. This swamp resistance is of greater value than that 
ot moving coil, hence the change in the coil resistance with tempe- 
rature produces small change in total resistance. 

The advantages of these galvanometers are— 

(/) The deflection of the coil is independent of direction and 
strengths of the external magnetic fields, hence does not require any 
adjustment in magnetic meridian and may be set up in any conve- 
nient position. 

(//) The coil moves in the radial field hence results the deflec- 
tion directly proportional to the strength of the current passing 
through it. Thus an evenly divided scale can be used for measuring 
the current. 

{vi) It can be made dead-beat or ballistic easily, 

(iv) Its sensitivity can be increased without sacrificing accuracy. 

, (v) It is most useful for the detection of very small current of 
the order of 10’® ampere. 

(vf) It can be used as an ammeter and voltmeter. 

8;i8 ammeters and VOLTMETERS 

The ordinary ammeter and voltmeters are merely pivot galva- 
nOmetecR which have their sensitivities reduced in the proper manner. 
Itii^ivafcgalvaliometers the moving coil, instead of being suspended, 
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iSoTS i'*'' ‘'“""e*- These galvanometers are very 

portable ’ “<> conveniently 

wound with a few tu n^of L. galvanometers are 

f iEZH tpr 

upon the range / of an ammeter (f k X , , 

s £= p - 4 

this stage ^ t‘’^0“gh 'he shunt. At 

acr.t,. the shunt ^Potential across the gahanometer coil 
‘S(/ -/,)-/, 

Ig)] Ry ...(93) 

r'^si^mneeS "deptd '^pofthe EE" Vhe'vaE'ofThis 

- .tentia. 4^^ tS^ - 

I,,{RPR,) = V or R = VII,~R,^, 

re,pec.?vd,“''“""’‘’‘''‘"''”^“ "’“'"■""ct and voltmeter 

8.19. DEAD-BEAT AND BALLISTIC 

The galvanometers may be classified acrnrtik , , .u • 

dead beat and ballistic types. For the measurement 

steady deflection proportional to the current is required ^ 

oMight on Uie scale should not oscillate about its ^P®*^ 

before coining to rest A devirp intr/x \ . i ^ bnal position 

dvsrrable oscillation, is known as r/cnjnnm 

The damping is produced bv '(aj visccJsiirof' ni'r”a "h 

rSn:e.‘’s„'rp,“L':fd ' tisL't;'' -p " 

(dc sudden discharge .nd‘‘';S^n'„;Zr;»™T'h*SS 
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case it is essential that the whole of the charge be passed through the. 
coil before it begins to move, i.e., the time of passage of charge must 
be smaller than the time occupied by the deflection. The coil there- 
fore receives an impulse and a throw is observed. To achieve this a. 
coil of high time period, at least 6 sec, is required. As time period 
r=2TT\/(//c), hence moving part should have a large moment of 
inertia / and the suspension should be as of smaller torque constant 
c. The damping should also be small as possible so that coil can 

swing freely. 

However a moving coil ballistic galvanometer can be damped 
by connecting a resistance across its terminals, as the motion of the 
coil in a magnetic field will induce a current which will oppose the 
motion of the coil. The damping of a galvanometer can be varied 
by altering the resistance R of the closed circuit in which it is placed. 
Critical damping is obtained by choosing R so that, the galvano- 
meter is just dead-beat and comes to rest without over-swing in a 
very short time. 

Let us now investigate the condition, when a moving coil gal- 
vanometer can be used as dead-beat or a ballistic. Let 0 be the 
deflection at any instant t when an instantaneous current i is passing 
through the coil at that instant. Difterent following couples act on 
the coil and keep the coil in equilibrium position. 


(f) I the retarding couple due to the moment of inertia 

J of the coil. (//) a {d9jdt), the retardina couple due to domping, 
which is assumed to be proportional to the angular velocity {d^ldt) 

of the coil, {in) NAB{dBldt) - G{d9ldt).,\hQ electromagnetic damping 

due to induced current, (iv) L {dijdt), the opposite emf due to the self 
inductance L ol the galvanometer and its circuit, (v) NABi=Gi, the 
displacement couple due to the current /. (vO the restoring couple 
due to the suspension fibre. 

Assuming the factor due to self-inductance as negligible, the 
current due to the emf g applied to the circuit terminals 



where R is the total resistance, i.e., the galvanometer resistance + 
external circuit resistance. Thus from Newton’s law 




dt 




or 


...(95> 
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where = « + k^= ~ and /= 


g3 

IR 


curren?^*thpn measurement of steady 
current, then G^IR will be applied continuously and final deflection 

ca.7v fnr'.r'" galvonometer is used ballisti- 

ca.ly for charge measurement, the emf g = 0 and hence solution will 

oe same as the complementary function of Eq. (95) 

now find the general solution of equation which is the 
sum of the complementary function and the particular integral The 
complementary function is the solution of the equation ® 


d'^6 de 


...(96) 


value Substituting 

value of d and its derivatives in the above equation, we get ^ 

^oe*V + 2Zix-fA:'] = 0. 

As Ai^e^‘ cannot be zero, hence aL^+2b’y.-[-k} 0 


the 


or 


a==— h±v'(^>’*- A:2)--h±r 


-(97) 


B = /l ^‘■''+’•>'4-^ e(-l.-r)( 

- 9 

where Ai and A^ are constants and r -=V{b^—k^), 

The particular integral will be 5=///t^ as Ea 

of d9ldt=0 and d‘9ld7^ 

tne total solution now becomes 

e=e-^U>er^+A,e-^<]+f/k^. 

that when r-O 9 Oand '.ML, ^ oon.stants z(i and/(„ consider 
gives o, ti-oand d9ldf-=0, hence Eq. (98) with ///c^--=^„ 


(95) is satisfied 
'0 in it. Hence 

■■(98) 


and 


^ ■^i~v A2-h ^0 

<^^lcit=^0^~~blAi^ A,]-\-r [Ar 

Solving these equations, w'e get 

Ai=~~ir-^rb)dj2r and A 2 ^~(r — 
Thus equation (98) becomes 


A 2 ], 


b)BJ2r. 


d= 


-hi 



+± prl I r~b 

2r 


J ^0+^0- 


( 99 ) 


As r v/(6^-/c2). Hence there are three possible cases. 
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(a) b^>k^ or r is real. Thus Eq. (99) indicates that the gal- 
vanometer deflection 0 increases gradually from 0 to the steady 
value ^0 and the motion is nonoscillator y or dead-beat and the 
galvanometer is known as overdamped {b large). 

{h) b^—k'or r is zero. The galvanometer deflection returns 
to rest point in the minimum time and the velocity never changes 
in direction. The motion is just non-oscillatory and the galvano- 
meter is known as critical damped. In this case 



If the circuit resistance is responsible for the 
damping, then a can be neglected and we get. 


c = GV4/i?^ 


appreciable 


(c) b’<k^ or r is imaginary. Putting 
=jp, in Eq. (98), we have 


$=e-^^lAie^^^+A2e~^^^] + eo 


= e ^'[(^ 1 +^ 2 ) cos pt-j-jiAi—A^) sin pt]+^o 


= sin (pt+<f>) + eo, ...(100) 

where C=[(^i+.4a)^ -(^1 — and ^ = tan“H^i + ^ 2 )/y(^i""^ 2 )* 

Eq. (100) shows that the motion of the galvanometer is simple 
harmonic, having time period 



277 


V {k^-b^) 


= 277 



(a + G^R)^ 

4/2 



...( 101 ) 


and of which amplitude dies away, leaving ^=^ 0 - 

For the galvanometers used for charge measurement there is no 
continuous source of emf, i.e., £=0 and thus Oq = 0. Hence, 

e = C e-”* sin W(lc^-b-) t+4]. 


The galvanometer deflection oscillates about its zero position 



Fig. 8.41. 


and these oscillations are known 
as underdamped oscillations and 
the galvanometer is known as 
oscillatory or ballistic. Thus for 
ballistic motion of a galvano- 
meter i.e.. 



R 

or /, R 
large and a 
smaller. 


and c should be 
and G’ should be 
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The motions of the galvanometer coil in above mentioned three 
cases are shown in Fig. 8.41. 


8.20. BALLISTIC GALVANOMETER 

Ballistic galvanometer is the instrument for the measurement 
of the charge sent through it in a short interval of time. For the 
correct measurement of charge, whole discharge should pass before 
the galvanometer has moved appreciably. For this, time of swing 
[r===2T:v'(//c) should be greater than the time of discharge. The 
damping should be small for oscillatory motion. The basic conditions 
with the B.G. are discussed in the preceding article. 

Both moving magnet and moving coil types of ballistic 
galvanometer are used, but the latter are more common to accept. 
The principle and construction of such galvanometers are the same 
as those of dead-beat moving coil galvanometers, except that — 

(/) The time period T is large and hence the moment of inertia 
I of the coil is large and torsional couple c is small. To increase I 

copper wire coil is used and to decrease c, a thin and long phospher 
strip suspension is used. 

« 

(//) The total damping is very small. The damping due to 
viscosity of air is very small. When coil circuit is closed, induced 
currents are set up in the cod circuit and the frame, which will 
damp oscillations of the coil. This type of damping is called 
electromagnetic damping. It can be reduced to zero by using non- 
conducting frame, such as of ivory, celluloid or bamboo. 

Consider a galvanometer coil of turns N, area A, and moment 
of inertia / suspended from a torsion wire of torque constant c in a 
magnetic induction field B. Suppose a current pulse is sent through 

maximum and 

then comes to zero in such a short time A? that the coil does not 

move through an appreciable angle while the current pulse exists 
but rotates only after current has ceased. During the current pulse 
the torque, at any instant when current is i, is given by X B 

which is A^^B when the plane of coil is parallel to the magnetic 


.K galvanometer coil is equal 

to the change in angular momentuni and is given by 


NAB i dt=NBAq=Iw, 


...(104) 

where w is the angular velocity with which the coil begins to rotate. 

The initial angular momentum lea corresponds to an initial 
kinetic energy of the coil and is converted to elastic potential energy 

HencV°''"°'' twisting suspension 
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K.E.=\ Iu^^=P.E.= c 0 


2 


or 


I<^^=c9q^. 


As we know that r=« 27 rv/r///:) or 


...( 105 ) 

by elimi- 
this value 




or 
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...( 106 ) 


ballistic reduc- 
tion Jactor ana IS the first throw or ballistic throw If 0 . is 

SS r^ii arrangement, 

mm. deflLnon .f . L?" to produce one 

susoeusion wire reflected from the mirror attached with the 

S known Tf/; ^ distance of 1 meter. It is 

also known as figure of merit of galvanometer. 

have auhlThik of VI"! ” /. T 

SSToal? - h^owL", Xe.c?rl ipTS'”f?rcS 

which some r. P!.°®-^J}‘^®!^‘^^^ofriagnetic damping in overcoming of 
shorter ^hus the swings get progressively 

riJht dl r successive swings to left and 

of the consecutive 

Ocnections is a constant quantity, i.e. 


NB, 


^2/^3 — 0a/^4 = -" = t/ (const.) 


...( 107 ) 


This constant is known as decrement and its logarithm as 
logarithmic decrement and is denoted as A. Hence 


^1/^2— ^a/^s— ^9/^4— ...^A [As log^ d=X or d=e^] 

Fora [complete vibration,^^- = 4 ^ x~* =^2=^2^, 

^3 ^3 

"^bus the value of decrement when coil completes a quarter of 

a vibration will be e '2 and hence the first true deflection Bq is given 


Bjex=^'^ or = (1 + W2). 

Here we have neglected higher order terms, as A is very small 
Hence the correct relation for charge is 


2n NAB ^ f 


...( 108 ) 
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Measurement of ballistic reduction factor. The ballistic galvano- 
meter^ ^ of which IS to be determined, is connected with a battery 
and a known capacitor with the 

help of Morse key, as shown in 
Fig. 8.42. The condenser of 
known capacity C is first charged 
by pressing knob A of the Morse 
Key. If the key is then released, 
the battery circuit is broken and 
the condenser is discharged 
through the ballistic galvano- 
meter. If the cefiection is out 
of scale use a rheostat as a 
potential divider. If e, is the 

first throw of the galvanometer, \\ith a potential difference 
we get 

g— CF- - (1 -4- A/2) or A!"— CF/^i (1 -f JA) coulomb! radian 

ballist.-Ao^ivf observing first and eleventh throws of 

ballistic galvanometer coil and by using the relation 

d~' 



Fig. 8.42. 


V. then 


- = X 


6 


11 


or \~ 


10 


log 


e 


Bi __ 2.3026 


K Pn 


s 


9 


10 


log 


9, 2.3026 


log 


di 

dll 


dll 10 

where and (/,, are the throws of the spot of light on the s^ale 

Hence by substituting numerical values of C, V A and 9 ( = d I2D) 

we can calculate ballistic reduction factor k’ ^ ‘ ’ 

Uses of Ballistic Galvanometer 

shown m The circuit is connected as 

own m Fig 8.43, Q and C, are the capacitances to be compared. 

The plug in K.^ is first put to the 
left and the capacitor Q is char- 
ged with emf g by pressing knob 

A of Morse key. After releasing 
the knob, the capacitor Ci is 
discharged through the ballistic 
galvanometer. If is the first 

throw, then 

H,.8.43 »,-C.e-/;»,(l+A/2). 

iSe, ?hen ^ this 



^3=C,g=/s:0,(l + A/2). 
^i/^2 ^ ^ 1 / — dild2. 


...( 109 ) 
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S cfSort- cfCeS,”' »“ 

.ion, s sra7r;„iT/tTct“ 

^ is a high resistance 10000 

r is a standard resistance of 
A steady current / flows 
0 through these resistances. 

Initially key K is kept 
open and the knob A of the 
Morse key is pressed down. 
The capacitor C is now charged 
to a potential difference iR. 
This charge will be 

q-C{iR). 

If the knob A is released 
the charge of the capacitor 

nomeiar. If «. i, He firs, throw in h: I nhe" 



Fig. 8.44. 


q==CiR = 


c 

NAB 



or 


C= 


NAB ■ 


1 


iR 


>A 


1 + 




...( 110 ) 


to Dasr°thronsh**ttf ^ Steady current h is allowed 

steady dSectiS, by closing key K. If <!> be the 


iij~\cfi\AB)<l> or clNAB=iJ<f>. 

galvanometer resistance, which is shunted by the 
, he current through the galvanometer is given by 

h=lrKr+G)]i^(r/G)i. 

clNAB=r ilG<l>. 


• ’1^1^ 

Substituting this value of cjNAB in Eq. (110), we get 

C=^JL ,4- ^ 9./'., A 


1 + 


2n RG <f> 


1 + 


2n iR G<t> 

t \ ' 

Hence C can be calculated by measuring these quantities. 


)...(ni) 


8.21. SENSITIVITY OF GALVANOMETER 

(1) Current sensitivity. The current sensitivity of a galvano- 
rneter is defined as the deflection in millimeters produced on a scale 
placed at a distance of one metre from the galvanometer mirror, 

^f 10 ^ ampere passes through the galvanometer 

coiL Thus, 
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Current sensitivity Si^ddldi=NABlc. 

(2) Charge Sensitivity. It is defined as the deflection in milli- 
meters produced on a scale placed at a distance of one metre from 
the galvanometer mirror, when a charge of 10“*^ coulomb is allowed 
to pass through the galvanometer coil. Thus 


Charge 


sensitivity 



NAB 

c 


Itz 1 NAB 2tz 

r “ (n-A/2) "" ^ f 


=(2:T/r) X current sensitivity Si. 


Here A/2 is neglected in comparison to I as A is very small. 

(3) Voltage Sensitivity. It is defined as the deflection on 
millimeters produced on a scale at a distance of one metre from the 
mirror by the potential of one microvolt. Thus 

Voltage Sensitivity Sv=ddldV-'^d'^lRdi—SilR. 

Hence S^ is the current sensitivity divided bv the circuit 
resistance. 

(4) The Megmhm Sensitivity. It is the resistance in meg-ohms 
placed in series with the galvanometer in order to get a deflection 
of 1 mm on the scale of one metre apart by a potential difference 
of 1 volt. 


(5) Factor ot Merit. When the sensitivity has been reduced 
to allow for time period T and resistance Rj of the galvanometer, it 
is called normal sensitivity or Factor of Merit. 

If the number of turns is increased to A' by keeping area A 

constant, the length of the winding will increase V times but the 

cross sectional area of the wire must be necessarily reduced by .V. 

Thus the resistance of the coil will correspondingly increase bv 
(•.■ R--(:lla). As r t..; , 

„ NAB NABT~ 

5,^ T — = . > 7 — =NT~ X const. 

c Ak-j 

^R,^ - T\ 

Factor of Merit- 100 D/T-Rg 

where D is the deflection in millimeters on a scale at one metre 
from the coil, for current sensitivity due to 1{jl A current. 


Exercises 

Example 1. A 5.0 MeV proton is falling vertically downward 
in a uniform field of magnetic induction 1.5 weberslm\ pointing 
horizontally from south to north. Find the force exerted on it. 

We know that the mass of proton— 1.7 x 10^2? j^g charge 
on it— 1.6 X 10 coul. Given that the kinetic energy of the proton. 
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A:.£.=|wv2=5MeF=5x 1.6X10'^® joule 

=3.07 X 10^ m/sec. 

The magnetic force F==gvxB and its magnitude 

F=qvB sin i? = (1.6 X . (3.07x10’) (1.5) sin 90^ 

= 7.37x10-^2 

The direction of F will be _L to v and B both. As v is in 
downward direction and B is from south to north horizontally, 
hence F will be in horizontal plane in west-east direction. 

Example 2. A stream of protons and deuterons in a vaccunt 
chamber enters a unifarm magnetic field. Both protons and deuterons 
have been subjected to the same accelerating potential hence the 
kinetic energies of the particles are the same* If the magnetic field is 
perpendicular and the protons move in a circuleir path of radius 15 cm, 
find the radius of the path traversed by the deuterons. 

If mi and m^ are the masses of proton and deuteron respective- 
ly and vi and Vg are their velocities. 

K.E.^imiVi^^imtv^^. ••■(0 

and Tg be the radii of the paths of protons and deuterons 
respectively in the magnetic field B, then 

for protons mivf/ri—Bqvi or Vi=Bqrilmi 

and for deuterons miv.flr 2 =Bqv 2 or v^—Bqrtlm^i. 

Substituting these values in the relation (/), we get 

(Eqrjmiy=lm 2 (Bqrjmzf or rilmi — r^lm^^ 

As deuteron is an isotope of hydrogen and consists of a proton 
and a neutron, hence m.^=2mi. Therefore we have 

fi=f‘iV(mtlmi)=0A5^2=0.2\2 metre. 

Example 3. A proton h shot with a speed of lx 10^ mjsec tilong 
% of 50° to the x-axis. parallel of which a uniform 

field of 0.20 wbjm^ exists. Describe the motion of the proton. 

One can split the velocity vector into two components, one 
along X-axis and other along x-axis. Since the field is in 

the force Fa=qvxB sin ^—0, and hence Vx is unaffected by 
the field. Thus the proton moves in the x-direction with a constant 
velocity v^=(l x 10«) cos 30°=0.866x 10® m/sec. 

As B is J_ to Vy the proton travels in a circle which is in 
plane. Equating magnetic to centripetal force, we get 
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mvv^jr—Bqv 


or 




mvy _ 1.67X IQ- ^^x 1 x]0^xi 


Bq 


0.20 X 1.6 X 10~i^ 26X1; 2 


m 


Hence time period 


T= - 

Vy 


2X3.14X2.6X10 


-2 


1 X 10' xi 


3.26 X 10-’ see 


During this time the proton will have travelled a distance v r 
parallel to the -v-axis. The distance uiscance v^r 


0.866 X 10® X 3.26 X IO"’c=o.282 meter. --28 2 


cm. 


-Thus the proton will follow a helix like path with radius 2 6 

cm and pitch 28.2 cm. 

*1 ■ -r. 4. A silver wire is taken in the form of a ribbon 0.5 

cm wide and 0.1 mm thick. If a 2 ampere current passes through the 

ribbon parallel to Us le igth and a 0.8 te.da magnetic field is applied to 

the current and a! me the thickness ,f th ’ rinbon. Calculate the Hall 
emf produced. 


The atomic weight of siher IS 108 , its density is 10 5 cm/cmS 
and the number of atoms in a gm atom is 6,023 x'l0=' Hence thp 

number of atoms per unit volume ' 


n=6.023x 10^'x(l0.5/108)-5.85x 10 ^^ cm-3=5.85 x 10 ^' per m'. 

As V, B and d are perpendicular to each other, hence Hall emf 


Kji = 


% 

xBd=~^ 

nq 


i 


Bd= . 
nqA 

2x0.8 


Bd= 


[B 

nqt 


5.85 X 10-*^ X I,6x 10“^®x0.1 x 10"^ - I -^X 10 ® volt 
Example 5. An electron is moving with a velocity 2\-\~3\ miser 

^ ^ magnetic fie7d of 

2j+dk Tesla. Find the imgrntude and drrrrcHon of the Loreniz fort 
acti ng on the el ectron^ jorce 

Lorentz force F — ^[E-fvxB] 


= 1 .6X 10-'‘-'[3i + 6i+2k + (2i L3j) X (2j + 3k)] 
= 1.6x 10-i*[3i+6j+2kH-9i— 6j-h4k] 

= 1.6x 10-i®[]2i+6k]=9.6x 10->®[2i+k] 

'f'=9.6xlO-iV(4H-l)=2.15x lO-J® newton. 

It is in X— z plane, making an angle 6 with the x-axis, where 

0=cos“^ 2|^/S. 
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Example 6. A proton, with initial velocity of 5x/0® mjseCy 
passes through an electric field {transverse) of 200 volrslcm. Calculate 
the transverse deflection in travelling a distance of 1 meter. 

Let the proton direction as ^ and that of the electric field as y. 


Time taken to travel a distance L along the x-axis 

/=L/v= 1/5 X 10®=2 X 10-’' sec. 

Force acting on the proton due to electric field 
Proton acceleration fy^gEjm. 

Hence the transverse deflection y = hfyt^-=lqEyfilm 

=^x 1.6 X 10-i9x2x10«x(2x10-’)2/1.6x 10-2’ 
= 0.04 meter. 


Example 7. A deuteron travels in a circular path of radius 
40 cm in a magnetic field of flux density 1.5 wbjm^. {a) Find the speed 
of the deuteron, {b) the time required for it to make one half a revo- 
lution. (c) through what pd would the deuteron have to be accelerated 
to acquire this velocity ? 

Due to magnetic field B, the particle of mass m and of charge 
q moves in a circular orbit of radius R, The motion is given by the 
relation 

mv=BqR or v^BqRjm. 

As the deuteron is the nucleus of the isotope of hydrogen, 
consisting of one neutron and one proton, hence its mass is 
2ww(=2x 1.66X 10 ’ 2 ’ 1 (g). Now substituting numerical values, 
we get 

v=1.5x 1.6x 10-i®x 0.4/2 X 1.66 x 10-2’=2.89x 10’ ni/sec. 

Time required for one half revolution 

f«jri?/v=3.14x0.4/2.89x 10’=4.34x 10'" sec. 

If potential difference required to accelerate is V, then qV 
= imv^ 

or K=mv72^=2x 1.66 x 10-27x(2.87x 10’)V2 X 1.6 X lO'^® 

=8.55 xlO*^ volts. 

Example 8. Deuterons in a cyclotron describes a circle of radius 
32,0 cm Just before emerging from the D"s. The frequency of the 
applied aliernanng voltage is 10 M Hz. Find (a) the magnetic 
flux density and (b) the energy and speed of the deuterons upon 
emergence. 

Frequency of the applied emf— cyclotron frequency f~Bql2nm. 

Magnetic ffux density B=-2nmflq 

= 2x3.14x2 X1.66X lO'^’xIOx 1071.6x10-^® 

= 1.30 wb/m^ 
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The maximum velocity VmacB=^BqRlm = 2v:fR 

=2x3.14x10x10^x0.32=2.01 xlO" m/sec. 

Hence the energy 

£ = im(v„,a.)- = |x2xl.66xl0-^’x(2.01xl0’)^ 

=4.22 MeV. 


Fig. 8.45. 


Example 9. Find the force on the portion of the current carry- 
ing wire shown in Fig. 8.45. 

The forces on the parts PQ and ST of the current carrying 
wire are zero as these are parallel B 

to the direction of B. Situation is • ■ • i i i i ' 

different along the arc QRS. Con- 
sider the small element of arc 
The force on this element is 

d¥=id\xB, 

or dF=i dl B sin (180 — d) 

= / dl B sin Q. 

Its direction must be J_ to the 
plane containing ill and B, i.e., into 
the page. Each little element of arc 
will contribute a force in the same 
direction hence the total force 



F=ldF^iiB sin 6 di=iB J sin 6 dl. 

If dB be the angle subtended by the element at <9, then dl---- a dd 


•=iB I si 


sin B a dB 


—iBa [ si 


sin 0 dd=2iBa. 


This is the same force that a straight wire QS would experience. 

Example 10. Find the total force on the circuit {Fig. 8.46) due 
to the magnetic field acting in downward 1 to the paper plane. 

The force on the straight wire portion F-^~iyPR)B=iLB. 



It ib uireciea down- 
ward in the plane of the 
page. Consider a small 
element dl of the arc. The 
force on this element 

dF^—iBdl. 

It is directed along 
OQ. Since d¥^. for various 
elements, are in different 
directions. The horizontal 

component of d¥^ will be 

1 


KJ J V/ p 1. V 1 1 1 ^ u ii c 1 1 1 uuc lo 3 . syfDr 

element on the other side of the arc. Theiefore the total force 
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F 2 =Fjv=J'(iF 2 sin 6=liB sin 0 dl 


As dl can be written as add, hence 


iaB 


80-00 

sin 6 dS—iaB sin 6 dS 



2uj B cos ~iBL. 


(as a cos 0^=LI2) 


Thus, we see that F^y is equal and opposite to Fi and the total 
force is hence zero. Tt is true for any closed circuit in a uniform 
magnetic field. 

Example 11. Find an expression for the force acting between 
two current carrying coplanar parallel wires. 


Let us consider two coplanar parallel wires each of length L. 


If the currents in these wires flow m the same direction 
the magnetic field at point O 2 due 
to the current element dXi of the first 
wire is given as 

«B= , " li o — • 

4Tt r^f 

In this magnetic field current 
element d\^ experiences a force 

Jr- ^0 ;; X 

Therefore, the total force on 
the second wire due to the current in the entire length of the 
wire 


then 



Fig. 8.47. 


first 


= t I i 


xr^o] 


Using the geometry of the figure, the vector product dliXti^ 
has a magnitude dh(x^-^lfy'^ sin 0 and direction normal to the 
page in inward direction. Therefore dF must be perpendicular to 
dli and in the plane of paper towards the first wire. 


,* ;■ f 


dl 


2 



+ 2)1/2 sin g 




Force on a unit length of wire 2 due to the entire length ©f 
first wire 


/ 


_ Mo'i'i 



dl. 




471 '• J-i/2 27r41+4(;c/Z)‘‘]‘'“ 

If these wires are of infinite length, then we have 

/=Mo 
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Example 12. Prove that the torque acting on the flat current 
hop placed in a magnetic fltld is independent of the shape of the loop. 


Consider a flat loop of wire 
in xy plane. Magnetic field B is 
acting in yz plane and making 
an angle 0 with the z-axis. Let 
us find the force on the small 
length dS-i making an angle <l>i 
with the i-axis. The force Fjz 
acting on this element due to 
field component By is 

F\z~iBy dSi sin <t>i. 

The force acting due to 
component B^ is 

F^y - iB, ds,. 

Similarly forces on the element 
dS-i due to field components By 
and Br are 



sin 9^2 and dS,. 


As elements f/?, and are very small, hance the lever arm of the 

forces to those 


oqual as dS^ sin <i>,^dS2 sin <i>,=dS 
an directed in the — r and +2-directions respectively and hence 
constitute a couple. The moment of the couple or the tLque. 

dr=iB, dS (}i-}2)=^iB^Xarea of the strip in the loop. 

It is along jc-axis as area of the strip is having vector direction nlma 

z-axts. If we divide the whole loop into largi numbeT of elementf 

oppositely placed pairs and find dr for each pair then 
Ihe total torque acting on the loop ^ 


or 


-=- iBy (area of the loop A) -=iBA sin 6 
T=/(AxB). 


B is same as obtained for a rectangular loop, hence tlw 

correct. 


statement is 


Example 13. A long straight vertical wire carrier n 
30 amperes directed upwards. Calculate the position ofnJ^ f 

^‘‘Snetic field t 2xm-^ 

We know that the magnetic field B due to a long straipht 
carrying a current i at a distance r from the wire is gifen as 

B^P'QillTzr. 
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The direction of this field is perpendicular to the plane 
consisted of the wire and the distance vector r. Thus for a vertical 
wire, the field will be in horizontal direction. According to this 
problem, this is balanced by the horizontal component of earth’s 
magnetic field Bu, therefore 

Substituting the numerical values, we get 

r = 471 X 1 0”’ X 30/27: x 2 X 1 0"® 


=0.30 metcr=30 cm. 

Examples 14. In the Bohr model of the hydrogen atom the 
electron circulates around the nucleus in a path of radius 5.1 x 10'^^ 
metre at a frequency of 6.8x 10^^ rev. Isec, (i) What value of B is 
set up at the centre of the orbit ? (z7) What is the equivalent magnetic 
dipole moment ? 

We know that the current is defined as the rate of flow of 
charge, therefore in terms of frequency v current 

/=ev = 1.6xl0-i®x6.8xl0'® 

= 1.09x 10'* amp. 

The electron circulating around the nucleus is equivalent to a 
current carrying circular loop, where the loop radius is equal to the 
radius of the Bohr orbit. Thus the magnetic field B at the centre 
of the orbit is given by 


.D to 


2a 


(x=0) 


2{x' a^y 
= 47: X 10 ’x 1.09 X 10"V2x 5,1 x lO'^^ 

= 13.4 weber/meter®. 

The current carrying circular loop is equivalent to a magnetic 
dipole, with magnetic dipole moment 

;7^==M.4=1x1.09x10-3x3.14x(5.1X10 ^0* 

= 8.9 X 10 amp. meter^ 

Example 15. The flat dielectric disc of radius a carries an excess 
chdirge on vs surface ff o coullrn*. Consider the disc to rotate aroun 
the axis parsing through it centre and J_ to its plane with angu ar 
speed CO rad! sec. If a magnetic field B is directed ± to the rotation 
axis, show that the torque which acts on the disc is o a tiBavd. 

Let the disc be placed in the x-y plane with the magnetic field 

along 1 -axis and is rotated about 
the z-axis. Consider an annular 
ring of radius r and of thickness dr 
on this disc. Charge with in this 

ring 

^ol^rdr. 

As ring rotates with angular 
velocity co, the current 

i=dqldt=a2nrdr(<o/2it) 

Fig, 8.49. =aiordr. 
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As the torque acting on the current loop of area A placed in a 
magnetic field B is 

t=/AxB. 

Hence the torque on this annular ring dx—acxjrdrnr^B 


and 



a7^<oBr^dr= 


GTTCoBa^ 


It will be along ^-direction. 


Example 16. A wire shaped to a regular hexagon of side 2 cm 
carries a current of 2 amp. Find the magnetic induction at the centre 
of /he hexagon. 


Let each side of the hexagon is b and the corners are at a 
tance a from the centre/The magnetic 

field at O due to element AB is thus A G B 

given by the relation 


dis- 


2 


It is clear from the vector pro- 
duct that B points away from the 
reader in the direction normal to the 
plane of paper. It is the case for all 
six elements. Hence resultant field 
will be 6 times the magnetic field due 
to single current element. Therefore, 
the total field 







4t; 


2 ^ 


dl s\x\ 6 ^ X 

— =6 4 “^-(sin 5,+sin 


Here = R = GO=-a\/SI2. 


B = 6 


4na\/3ll L 2 




+ 




/ 


3av 

na 


1.73x4:tX 10-’x2 


TZXlX 10 


-* 


= 6.93 X 10-^ wb/m® 


Example 17. A wire carrying a current i is in the shape of a 

plane curve r=/(0), (r, 9) being polar coordinates. Find the magnetic 
field at the pole. Deduce also the expression for the field at the focus 
of an elliptical wire carrying a current i. 


We know that 


B = 


4tc 


' = 


47T 



dl sin ^ A 
n 
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where ^ is the angle bet- 
ween dl and r. 


As sin ^ =rddldl. 


dl 


471' ' J 


'47r 


If 


rd0 


P(r,0) 


d0A/ 


r^f(0) 


Fig. 8. 51, 


The integration being 
extended over the length of 
the wire. 

In the second part of 
Question current carrying 
wire is in the elliptical 
form, hence 
r = //(l + c cos d). 


= ‘ (1 

47: /Jo ^ 


+e cos 0) dB = 


M 


Example 18. Find the magnetic field intensity at a point P, 
which is at a distance b from the centre of a circular conductor of 
radius a and carrying a current i. 

By Biot-Savart law we have 


^Tc J r^ 


.Q(r.e) 


But the circle is a plane curve, 
hence by the result of example (16) we 

have 


a 

9 x'' 


prb 


B= 


PO . dd 

Aiz'^ Jo 


Here point P is the origin. PO 
along a:-axis and Q is the point with polar Fig, 8,52. 

coordinates r, d on the circle. Thus 
from geometry of figure, we have 

a^=r'^-\-b- — 2br cos 0 or r^—2br cos e+b‘^~d^=^0. 

r=b cos e+^(b- cos® e—b^+a') 

J 1_ ^'\/(a‘^~b- sin^ Q)—b cosO 

r b cos sin® 6) d-~F' 


or 


• n — ^0 ,• Via^— b’^ sin® 6) — b cos 6 

47r ^ jo d^-b^ 


dS 


4w 


' !r ( 


Z)® sin® 0 \V' 


4k (a® — Z?®) Jo ' 

■where /« is an elliptic function. 


dd 


±o^P__iP 

4k a^-b'^-^^ 
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Example 19. Two sir light wires carry currents ii and it enter 
into the page and are at a distance d apart. Find magnetic field at 
any point R and the force between these wires. 


The fields Bi and Bg due to the wires P and Q are in the plane 
of the paper as wires are 1 to it and are J_ to the radius vectors 
fj and ta respectively. 


■^1 — H'oiil'^^r j 

and B 2 =P(ihl 2 r.r 2 . 

Taking x and v-components, 
we get 

Bx Bye 


and By 


— sin — sin ^ 2 ^ 

^2 / 


* 

h 

ri 





The resultant magnetic Fig. 8.53. 

field will be of magnitude 

-\-Bf) and making an angle 0, with the x-axis, given by the 
relation ^=tan“^ By/B . 



The magnetic field at Q due to the current in wire P is 

^=f^oiil2nd. 

As B is J_ to wire Q, the force on a length L of wire Q is 

F-/,LXB or F=4 LMo/i/2k^/, 
or the force per unit length FjL^fi^iuJlTTd. 


Ien 2 th H f I -solenoids, each of radius 6 cm, and 

30 turns of wire per cm are 

ZTtt'" >nagn-tic field at the centre If the fap 

due to the current of I ampere through the combination. ^ 



Magnetic field at any point 
P on the axis of the solenoid is 
given as 

^i=^ip{^ni (cos ^ 1 — cos ^j) 

The field is in the direction along 
the symmetry axis. The field will 
be same due to both the solenoids 
as they are identical, have been 


Fig. 8.54. 
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placed symmetrically and the equal current is passing through'^ 
them 



B — Bi+ fifpi (cos ^ 1 — cos ^ 2 ) 


= 4 x 3 . 14 xl 0 -’x 3000 xl|^ 

= 1.84x 10“® web/m“. 


16 


V (16‘+6 


3 ~ 

=) v(3^+6^)_ 


21. A thin dielectric rod is bent into the form of a ' 

circle oj radius a. If charge per unit length on the rod is A and the 

circle IS rotated round it<! axis at a speed of n rotations per second, 

find the value of ^ at point P on the axis at a distance b from the 
centre. 


. . '1'^® moviag charge caused by the rotation of the circle consti- 

tutes the current. By the definition of current, the flow of charge, 
per sec through any area of cross section 


/— (27ta/2)A. 

This problem reduces to : B at a point on the axis of a circular 

coil carrying current /. We know from article 8.11 (Z?) that 

* iio ^ Q * Mo(2«a/iA)a^ 

2 “2(a^+Z?2)8/a 

Example 22. Derive an expression for ^at a distance x from 
the axis of a Jong cylindrical wire of radius a and carrying a current Zp. 

The cross section of the wire, J_ to its length, is shown in 
Fig. 8 .55. Assuming that the current io is distributed uniformly over 

the cross section of the wire. Now consider 
a circular path of radius x round the axis of 
wire. By symmetry, we see that the B at any 
point over this path is tangential to it every- 
where. Thus by Ampere’s law 

§B.dl = fiQi 

or §Bdl=B2nx=y>o (current enclosed by 

the path) 

There are three possible cases— 

(i) x>a, current /=total current i^ 
passing through the whole wire. 

BItzx—ixqIq or B=p^iJ2Tzx, 

(a) xda. The fraction of the current that passes through the 
enclosed path contributes to B. 

§Bdl = B2nx= Pfii=Po(iol T:a^)nx^ 



Fig. 8.55. 
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or 


B=(ioioxl2T^a^. 

{Hi) x=a, fi=jio*oa/2it<32 = Mo'o/2"a- 

Example 2''. A long cable is constructed of a solid conductor of 
radius r in a coaxial hollow cylindrical conductor of inner and outer 
radii and R, respectively. The i^ ampere current flows m the inner 
and outer conductors in opposite directions. Find the field induction a 
at any point at a distance x from the axis of the cable. 

Cross sectional view of the cable is shown in Fig. 8.56. Con- 
sider a circular path of radius x around the axis of the cable. Syna- 



Fig. 8.56. 

metry suggests that the magnetic field B, produced by the current 
flow, at any point over this path is tangential to it. Ampere’s 
law, we have 

= (current enclosed by the path) 


Four cases are possible — 

(/) x<r : — In this case 

current /=current enclosed by the path of radius x^ 

iB.d\^jBdl=B27zx,^tioOolvir^)TzXi^ 

or B^p-QhXiIlKr'K 

(ii) r<x<Ri : — (=current enclosed by the path of radius x*. 

jB.(il=J Bdl=B iKXz—P^oh 
or B=ixQiQl 2 nx 2 > 

{Hi) Ri<x<R 2 : — In this case current enclosed by the path of 
radius Xg is the difference of the current /q through the solid con- 
ductor and the current enclosed between Ri and Xg, i.e. 








R 



or 


= B 2wx3 = PoioW - xf)KRf - Rf) 
B= l^oioW-x,^)l2nx,{R^»-R,*). 
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(iv) ;c> Rj /=current enclosed by the path of radius :jc 4 

5B.d{= I Bdl=B2nx^= fiQ.O 
or 5=0. 

Example 24, A long horizontal rigidly supported wire carries 
a current ia of 100 amperes. Directly above it and parallel to it, 
there is a fine wire that carries a current ib of 20 amperes and weighs 
0.073 newton per meter. How far above the lower wire should the 
second wire be kept if we wish to support it by magnetic repulsion. 

We know that the force between the two parallel current 
carrying wires is attractive if the currents are in the same direction 
and is repulsive if these are in the opposite directions. In the 
present problem, the repulsive force is balanced by the weight of the 
lower wire. Thus the magnetic repulsive force per unit length, 

M'o h ij _ 4nX 10-" ^ 100X20 
I 2k R 2k R 

= 0.073 

or 5=5.48 X 10"^ meter=5.48 mm. 

Example 25. Copper wire is wound around a cylindrical 
solenoid of 6 cm diameter and 30 cm length. There are 5 turns per 
cm. The wire has a diameter of 0.163 cm and has a resistance of 
0.01 ohm per metre. If this solenoid is connected across a 24 volt 
battery. What will be the magnetic field strength within the solenoid 1 

The solenoid is long hence the magnetic field strength within 
the solenoid is given by 

B = iiQni weber/meter^, 

where n is the number of turns per meter and i is the current 
in amperes flowing in the solenoid of radius r and length L. 

/i = 5x 100=500 turnes/meter 

Total length / of the wire=27t/-«L 

= 27t X 0.03 X 500 X 0.3 = 97r 

and the resistence R of this wire=9n'X0.0l =0.09 tc ohm. 

/. Current i = K/5=24/0.097r= 800/37r amp. 

Substituting numerical values in the above relation, we get 

5=(4tcX lO-’^lx 500 X (800/3k)=5.33x 10"2 weber/m^ 

Example. 26. A capacitor charged upto 2 volts is discharged 
through a ballistic galvanometer having time period of 12 seconds and 
current sensitivity 2.2 X 10~^ ampjem. If the first and eleventh throws 
of galvanometer are 9.6 cm and 8.0 cm respectively, calculate the 
capacitance of capacitor. 

The deflection 0 in the ballistic galvanometer due to a charge 
q is given by the relation 

«=-|- ivk 
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where the logrithmic decrement A is given as 

2.3026 


2 3026 . B, 


10 


log 


10 


Current sensitivity-c/A^.45=2.2x iO arap/cm 

and the time period r=I2 seconds. 


9.6 

8.0 


-=0.018 


Substituting numerical values, we get 

^=2xTu ^2.2x10-«x9.6( 1 + 

"4.072 X 10~’ coulomb. 


0.018 




Since q CK, hence the capacitance of capacitor 
C=^/F=4.072 x 10 72 = 2.036X 10-’ farad. 

Oral Questions 

perpendicula^'treach’othwT’' ^ S) are always 

Can we ^ s"-a'ght line in a certain region. 

3 A beam nt'p electric field in the region, or no magnetic field? 

certain^egion I it through a 

both of tfichc ? ’ ° ^ magnetic field, (6) electric field or (c) 

(a) along B, {1} Y*^to^R proton moves 

ofB? ^ to Bor (c) along a line at an angle of 0 => to the direction 

.r. rjroii'’oV.?.r£i~ 5'“- 

7 require electric and magnetic fields in the cyclotron ? 

(a) rectangular 'o^W^drcular^l inn ^ current carrying 

What do you expect ibout the Jo^qCe in elth'caLT ’ 

external com%nt° Md^lndenl-nri ^ a current loop end for end in an 
the loop? independent of the original orientation of 

9. Compare Coulomb’s law and Biot-Savart law. 

galvanomete'^Y Helmholtz golvanometer in place of tangent 

B, Ampere-riaw o"r't he t ot! s'Ivi n law calculating 

12. What do you mean by the relations : curl B ^0 and div B = 0 ? 

are often twisted^toge"he^to' reitTcp opposite currents 

for this procedure. ® magnetic field effects. What is the basis 

underdamp”d°osc‘iriafions'?'*'"’®^‘^'’ over-damped, critically-damped and 
galvanomet?r°7 ballistic galvanometer as dead beat 
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Problems : — 


alonr^^ Xi. inH ll ^ sides be and ed 

lencth 40 u along 2-axis and each of 

across each ^/=^e==c^=30 cm. Find the magnetic flux 


keV m^P oriented so that the electrons of energy 12 
the !• ^’'’2 vertical component of 

dlecHon v.m X lO'S wb m^) points down, {a) In what 

Tlec^^ons'’ ^ deflect? (b) What is the acceleration of given 


3. A proton, a deuteron and an a 

energies. Compare the radii of their paths 
is applied. 

l» O V V ■ 

energy 1000 eV describes a circle in a field of 
magnetic induction 200 gauss. Calculate the radius of the cricle. 

[0. 563 cm] 


[(a) East, (6) 6.5 X 10^* mfsee^ 

■particle have equal kinetic 
when a normal magnetic field 

[/■d=V2/'j)='\/2r“5 


5. An electron is accelerated through a potential difference of 100 V 

® region where it is moving _L to a magnetic field B=0.20 
D/m . Find the radius of the circular path. Repeat this problem for 

[0.0167 cm. 0.7 cm] 

D. A proton travelling at a speed of 10^ m/sec enters a region of 
space where there is a uniform magnetic field of 0 1 tesla. Its velocity 

makes an angle of 30® with the direction of B. Describe quantitatively the 

path of the proton. [Helix of radius 0.52 cm and pitch 5.7 cm] 

« ij J‘ ^ ^ '-0 *hick is placed in a magnetic 

^Id .5— 1.5 wb/m^. If a current of 200 amp is set up in the strip, find the 

Hall potential difference across the strip. [2.2x l0‘^y\ 


8 An electron initially travelling with velocity 3 x 10? m/sec enters 
in an electric field of 18 volts/cm. If the transverse deflection is 2mm in 
^tr^ersing a length of 10 cm. Find the value of e/m. [2 x coul/kg.l 

. A particle having a mass of 0.5 gm carries a charge of 2.5 x 10"*C. 
ine particle is given an initial horizontal velocity of 6x10* ra/sec. Find the 
magnitude and direction of the minimum magnetic field that will keep the 

particle moving in a horizontal direction. [3.27 wbjm*. J- io vl 

10. An ion of mass M and charge q is accelerated by pd and 
allowed to enter a field of magnetc induction B. In the field it moves in a 

Striking photographic plate at a distance x from the slit. Show 
that the mass M is given by M-B^qx~lZV 

11. Electric and magnetic fields "are applied mutually _L to each 

other. Show that a charged particle will follow a straight path which is J_ 
to both these fields, if its velocity is EfB in magnitude. 

12. Calculate the magnetic field in which the cyclotron Dee’s should 

be placed to accelerate protons, the frequency applied being 8x10* 
cycles/sec. 524 weberl 


13. Deuterons are accelerated in a fixed frequency cyclotron to a 
maximum dee orbit radius of 88cm. The magnetic field is 1.4 wb/m*. 
Calculate the energy of the emerging deuteron beam and the frequency of 
the dee voltage. What change in magnetic flux density is necessary if doubly 
ionized helium ions are accelerated. [36.5 MeV, 10 67 Mcfsec. 1.39 wbfm*l 
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[0. 524 weblm^] 

galvanoLter"havin,%oi^^^ a Helmholtz 

deflection of 450 The earth-fho^ and 10 cm radius, produces a 

me eartn s honzontai magnetic intensity is 0.3 oersted. 

[0.18 amp] 

..d Of fh= .olena'^S: •" 

[3.14x ]0~^ webjm*] 

Kpnt current / flows through a wire 

force IxeneTo" , h'®' ‘h ‘ ^ 

in a nnfr ^ if it is placed 

a uniform magnetic field B. The field 
away from the reader. [2/ B(/+R)] 



Fig: 8.57. 

atthecLr^* M^r^^inn'curJenTra'V'’®?^^ subtending an angle 3„'2 
into page. ^ ' and is placed in a uniform field B direered 

IQ Tr» fk^ u [zero] 

s. Ropo.. "r ^f *0 '«•» .. . „f 

nel... Find ,hd direction of ihe io,d„e„eioV m • 0 “““* 'o 

diSoid ,*d', " S2"S:rSe:i„ron“s 
h.x.don .r':in:'T,,;d"TS 

an elliptical wire car^ry^ing *a currem^ '^i^snctic induction at the centre of 
23. Show^ that the'nTagnettc*fidd^Tt?rr^ of the ellipse] 

parallel to one 

^how that in the equaiona! nlane^ tht L ^1?*^ opposite currents- 
_^at^st at^a distance ^/V3 from the plane through \he ^ 

and carries '\urren°l^°Thrc%®ss7ecl^l'id‘imeA^^ Per unit length ’j 

IS very long, find the axial magnetic induction at ds"cenrre. 
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Fig- 8.58 Fig. 8.59 


26. A pair of infinitely long thin wires carry equal currents i. They 

are bent as shown in Fig. 8.58. Find the magnetic induction B at the centre 
01 the circular pans ? 

. ^ coil is wound so that it contains N number of turns per 

unit distance along its radius. Prove that the magnetic induction at the 

centre of such a oil of inside radius a, outside radius and carrying a 
current i is fN log {bja). 

28. Two long straight parallel wires are kept in free space at a 
distance of 1 .0 meter and 1 .0 ampre current is flowing in the same direction 
in erch wire. Calculate the direction and magnitude of the mutual force 
per rneter between the two wires. What will be the difference if the currents 
now in mutually opposite directions. [2 x newton] 

A resistance of a moving coil ballistic galvanomter is 125 ohms, 

A steady potential difference of 0.00025 volt deflects the spot of light on the 
scale through 15 cm. The suspended system has an undemped oscillation 
or periodic time 10 sec. When a condenser is discharged through the 
galvanometer, the corrected first throw is 5 cm. Find the quantity of 
cnarge discharged. If the condenser was charged to 1 volt, what is its 
capacity? ^ [L06 uf] 
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9.1. F^ADAY’S experiments 

performed a series of 

ma,^neticjejd7r^^!^^:;^^ circ uiijT^ed across a 

present. In one_ of hie lx „ ■ 
consisun£_o^r a coil and a aa*! 

movedlFTH^ neighbourhood ons f ; When aJux ..magnet was 

were obtained. ^ fe/jowinJ obseivations 

pole facing the^ coil“the gLvTnomotSr'^defl^ h"'' 

IS thus produced in the circuit. ' deflects, the electric current 

melet'iU'n'SeflSta'L lis ‘■oil. Ihe galvano- 

.he mll'LtjZSs Sco'rfhJScttoL ar'e ““ 



^ig. 9,1, 

k.p. cS; i*'“ ifh. ™g„e. ia 

"T Ite magnet' a'nd'the Si’il'"* PioPortional 

held Z "Lf »'■'» the magae, ,a 


% 
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In his another experiment, two coiJs were placed close together^ 
but at rest with respect to each other. One coil was connected to 
a galvanometer, and the other to a battery. When the battery 
circuit, known as primary circuity was closed, there was a sudden 
deflection in the galvanometer circuit, known as secondary circuit 
Following results were observed. 


O’) When the primary circuit is closed or broken, the galvano- 
meter needle deflects momentarily. The directions of deflection are 
opposite to each other. 

(fi) The galvanometer also shows deflection if the current in 
the primary circuit is varied. This deflection depends upon the rate 
of change of current and not the value of the current. 

On) The current in the secondary circuit is momentarily, and 
does not exist when the current in the primary is fully estabilished 
or reduced. 




T 



Fig, 9,2 


0‘v) When there is a relative 
motion between these coils, the 
deflection also exists. 

The deflection in galvanometer 
in above experiments is due to the 
current developed in the secondary 
circuit this current is called an 
induced current and the cmf giving 
rise to~sucE ~hurrent is called an indue- 
e(L£.lectromQlixe force. This pheno- 
menon was given the name electromagnetic inducion by Faraday. 
This is due to the change of magnetic flux through the 'closed circuit^ 
due to the relative motion of The cii'cuit and the magnetic lines of 
force pr oduced b y either the magnet or the primary coil, 

9.2. FARADAY’S LAWS OF INDUCTION 

rom his experimental results, Faraday gave two laws : 

0) When the flux of magnetic indue tion through a circuit is 
cfwn!ging an electromagnetic force is induced in the circuit. 

^ (f/) The magnitude of this emf is equal to the negative rate of 

change of the flux, i.e., 

Q==~da>ldt. 


This equation is known as Faraday's law of induction also 
known as Neumann's law. It is found to be independent of the 
way in which the flux is changed, the circuit may be moved or 
destroyed or the value of B at various points inside the circuit may 
be changed. If <D is the instantaneous value of the magnetic flux, 
then C> = S B.dS. 

The induced emf g around the closed path C is given by the 
line integral of the induced electric field E around C, i.e,, 

S=§oE.dl. ...( 2 ) 
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If the circuit C be bounded by an open surface S, then 
• ^ .,( 3 ) 

ra(d^3^se of fu^ masneUc infJr,, 

enclosed ly the curve. ^ induction tJif^h the surface 

of Faraday’s law.'°S^Se^B = cud A.^henS*’^'^ equivalent statements 



E . d\^- 


(.(VxA).rfs— 

be c“Sa^SfJ?lTy frIm’tre'“eaor’p°remtorA "“f 


i// 



E . d\ 


= 1 . <' 7 = 


XE) . dS>^ 


or 



dt Is 


B . c/S 


VxE+ 


aB 

dt 


) i/S=0. 


be eeroSVe“a™ “ >l>' i"»8ra„d 


VxE=-aB/ 0 r. 


This equation relates the space derivative*; nrir . ^ ^ 

point to the time rate of change of Bat tha^^nnW^ Particular 

that the electric field induced by B is not /z? shows 

for which the curl is zero. * ^^ectrostatic field 

9.3. INDUCED ELECTRIC FIELDS 

peed .P ba.„ee 

|E . d\=^-d<^jdt. 


It IS exactly analogous to the circuital law of Ampere 

#B . d\='-ix^i 


• • • (6) 


changer Zrco,?e'p';Ls'1„rbe"iSS l\\ ™« »f 

electric force due to changing magnetic inHnr-r r ''°es of 

similar to the lines of magnetic force produced 

w.re. Tb. P„a.,.„ f„, B Le a.'.LSf rar^Ji Z7Z It 


dB= ^0 i 

47 t ^3 • 


...( 8 ) 
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The corresponding equation for calculating E due to an 
element d\ in t^hich the flux is changing at a rate d^jdt will thus be 

4 



d^ d\XT 
dt " 



Hence the induced electric fields set up by varying magnetic 
fields are geometrically identical to the magnetic fields set up by the 
corresponding steady currents. The lines of force of an induced 
electric field are like the lines of a B-field as they do not originate 
or terminate on electric charges. Thus the number of lines of force 
emerging from any closed surface is equal to the number entering 
the surface and hence for any closed surface 

fE.JA=0, ,..(10) 

which is same as that for the B-vector. 

E-field can be calculated from Eq. (9), the analog of the Biot 
law, by exactly the same procedure. It is unnecessary to repeat the 
analysis. We can directly get E— field around the long straight 
solenoid as 

£■= — (l/2;rr) d<l)ldt. ••*(11) 

« 

If a wire coincides with any lines of electric force due to 
changing magnetic induction, the electric field exerts a force on the 
free electrons in the direction everywhere tangent to the wire. A 
current is thus produced. The line integral of E around such a path 
gives us an emf. 


9.4. LENZ’SLAW 

The negative sign in Faraday’s law indicates that the 
direction of the induced emf is such as to tend to oppose the change \\. 
that produces it. Thus if we increase the flux through a circuit, yj 
the induced emf tends to cause currents in such a direction as to 
decrease the flux. If we thrust one pole of a magnet into a coil, 
induced emf tends to cause currents in such a direction that the 
magnetic field produced by it tends to repel the pole. Thus the 
direction of the induced emf and of induced current is such as to 
oppose the cause producing it. It is known as Lenz's law. 

The cause of the current may be the motion of the conductor 
in a magnetic field or the change of magnetic field. In the first case, 
the direction of the induced current in the moving conductor is such 
that the force acted upon the conductor is opposite to its rnotion. 

In the second case, the induced current sets up a magnetic field j 
which within the area bounded by the circuit is {a) in the direction 
opposite to the original field if this is increasing and (b) in the I 
direction of the original field if it is decreasing. Thus_we_see_that I 
the induc^djMd. oppose the magnetic field but opposes the \ 

chacg^^^e refers to induced currents, hence we must have / 

a closed circuit. If a conductor does not forma closed circuit, we 
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can usually think in terms of what would happen if it was clos»d 

and in tnis way imd the direction of the induced emf. 

it* conductor moves in a magnetic field the direci ion of 

emfiso' * directions of the magnetic field and the 

Fleming’s right hand rule. It states that ,/ i/,e 

uTnwf, "Sht hand are spread out in such 

(or another. If the index 

firtppr Witl ff tn£llon_£i the conductor, then the central 

awa, '“har lowards or 

^ ^ C I c\ W ' i f' ^ ^ ^ ^ ^ is no vioiaiioa 

froj^l.^ fn?L Of energy. Here energy is converted 

^ ™ another. The mechanical energy produce 

energy^ iTJonL^L electromagnetic induction. Thus mechunica / 

aXSedon or as . V"" Newton’s law of action 

of Le application of the general principle 

rfLL-AeS ? rio; J 'f of equilibrium i s 

change. is induced in such a sense as to oppose the 

9.5. PROOF OF FARADAY’S LAW 

vaa 'T “‘owed 'ha. Faraday's law 

thej)rinciplc of the conservation 
of energy. Consider a straight 
conductor PQ whief slides on a 
parrof liorizonial rails separated 
by a distance / and are connect- 
ed to a source of emf £ 9 . If 
the magnetic field induction B 
IS perpendicular to the plane of ^ig. 9J, 

this circuit and in inward direction. Due to field R and th^ 

Vb, xr;,X' Tr“r i? rst s ^ 

By the pnncpla of co„„„a,ion of energy, power „ppL?Ly Sa 

rdlV wZ!' “=»• Fpowcflls: 


II 



NpvvQrd) 

U. X. X X 


r; 


X L 
_ . y. 


7 



i.e,y 

or 


6,^=0 RfiFv=^i^Rfi iBlv 
i^iS»~Blv)/R, 


T-u -^*2) 

Thus we see that the current is less than the original value 

it IS due to the end induced by the motion of the 

con uctor m a ibagnctk ndd B. We have assumed here that the 
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resistaripe of jthe . closed circuit- is so larjge or current r is sos small 
tliat It has a negligible effect on the value of B. ffhe induced pmf 
can be written as . i 

> ' (dxidt)^—B id4ldt)^~-d<i>ldt/’' ‘ 

IF V is arbitrarily oriented with respect to I.,then' the only 
pomponcnt of y which is ± to I contributes-^.. Thus S ds propor» 
tional to Ixv. As S is a scalar quantity, heucc' ^ 

» (S^BOxv). - V- 

9.6. MOTIONAL EILECTROMOTIVE FORCE ' , J 

Consider a conducting rod /’Q of length /. parallel to x-axis, 

in a uniform magnetic field B, alqag z-axis. The rod is moving 
along y-axis with velocity y and a charge q within it as acted oa 
by a force F, known as Lprentz force and having value ^ (yxBt.. 


• \ 
• t 


. 






'i 


•■•■A 
■' .1 


. V 


(«) ' m 

Fig. 9.4.. 

It is in the direction _L to the piaije containing v and B hence 
along x-ajeis. Thus the free electrons in the rod will move along 
— ve x-axis, thus leaving the end Q positiv^ely cliarged. ThiS; 
accumulation ' Of excess charges at the ends continues till it estar, 
bibhes an electrostatic Jield E«., .which ^ opposes the displacement ot. 
charges due to the Lorentz force? Electric field E* (produced due ^ 
to separated +ve and —ye charges in the rod) at evefy point inside 
the .rod thus balances El, the field due to Lorentz lorce F. 

. A ( !'■ 

- : j E«== — El= — F/^=— (vxB). ' . -..(15) 


■ " This -^is the 'expression for the electric 'field produced due to 

the motion of a conductor in a uniform magnetic field. 

* 

Let us now consider a conducting rod PQ' sliding along h station-" 
ary: V-shaped conductor placed in a Uruform magnetic field. As the, 
U-shaped conductor is stationary, hence t'he force acting on the 
free charge carriers of it is^zero. But -due to the motion of the con- 
ducting rod PQ in tfie magnetic field B, the opposite charge? inside 
th»s r.pd are separated and^ are collected at the ends (+ye at Q 
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current will flo^w ^This^flow'^r^ri through RS, the electric 

the ends of the rod but the charges at 

displacement of free electrons cauc .'™'"®*i'ately by the further 

r=9(vxB). HencTso S as ^ "^^netic force 
flows through the closed circuit po;? 9 "t°tiOD, a current 

magnetic field produces sTme kdn^d of emf“' in a J. 

current. ^“rrent produced by it as induced 

motioJaTe}£roV!otive tr™r‘ ^ conducting rod. The 


As 


£ =" /E,.(iJ = jEL.i^l=J(vxB) o'] 
(vxB).^|-=B.Wlxv) 

£ = jB.(rfIxv), 


•••(16) 

...(17) 


hence B.(^fl XV)' is^the^fluxoTinducUon'tVr^^^’^h**^^ ^°d 

per unit time, /f the'leagS f / an/ t anTfi a 

each other then ’ ^ mutually 1 to 


^=BJv. 

Let us consider few cases *; 


...(18) 


may have a movable arm which slides back or circuit 

moves in a magnetic field. ' Periphery or its part 

Let A\ and be the locations of 
the curve, moving with velocity v at 
the time t and t-\-dt respectively. If* the 
circuit IS taken -f-vc in counter clockwise 

the reader Thus due to the motion of 
the circuit, the area PQRS {-d1) is 

added to the elementary length d\ of this 
circuit in time dt. => “' mis 

dS=dl V dt or dS=^~d\ x v dt. 
tu t ,^*’'^P'8ative sign is due to the fact Fia.9 5 

points i'n^/'oiim d^ecdo/"S'E5^ ^ 

S -=- J 8 . (i/S '!/,). 

the aria 'adS/hreSroe^unitT^^ « 'trough 

sh.pe'^TlquJltTthe rate o closed circuit of 

through the cirZf due tZthe "plriptrt"'"" 



•..(19) 
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t stationary and the field source is moving, Consi- 

fhl be moving with a velocity v in 

the j-direction relative to the former frame. The circuit will appear 

to be stationary m frame S' and to be moving with velocity v 

relative to the frame S, A stationary 
magnetic field source in frame S will 
appear to be moving with a velocity 
v' (=--v) relative to the frame S', 
The electric field due to Lorentz force 
in frame S' is given by 

E'=-(v'xB0-vXB'. ...(20) 

This will produce an emf in. 
frame S' 

^'=iE'.d\'=j~(y'xB').d\'. 

= -d0'ldt. ...(21) 

This is the same result as obtain- 
ed for moving circuits. 

(c) The circuit is moving relative to the observer and the 
magnetic inductio'-i B is changing at every point with the time {the most 
general case). Referring again to Fig. 9.5, if the circuit remains fixed 
in the posiLion the emf is due to the change in B and is equal to 
the late of decrease of ilux of inJuclion. In addition, we have a 
motional einf in the case oi moving circuit equal to the rale of 
decrease of the fiux due to the motion of the periphery. Thus the 
total emf is equal to the total rate of decrease of Ilux of magnetic 
induction through the circuit due to the change in B and to the 
motion of the circuit, i.e.. 





r 

^ (vxB).r/J. 


...( 22 ) 


In the first term the integral of cB;0r is taken over the original 
surface 5. We have shown earlier in this article that the motional 
emf contribution is --jB.(dS/o/), hence the generalization of Fara- 
day’s law can be written as 


If there are 
fluxes 0 ) 1 , 0 ) 3 ,. 


s =- 


B.dS. 


...(23) 


N closed circuits arranged in series with linked 
..0)x respectively, the total induced emf 


CP— 1 I 


r/0>x 


1- 


dt ' dt ^ 

If the closed circuits occupy exactly the same position (the case 
of a coil of turns closely wound), then 0)j = I)a= --ON=0) (sav). 
Thus we get 


Q=-N(d0ldt). 


..(24) 
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9.7. INDUCED CHARGE 

changes, an^enif is^^ndS in 

current “ a pa't, the induced 


R ~ ' R (It ‘ ■■■(25) 


is give^^r ^et in motion in time St, 


s,=/s; -. J 

R dr 


R 


0(J) 


chart^e q — 


A 


R 


cA 


2 






...(26) 


_N 

indepeSS"of“'j'"“‘ 'j'* iw',.''','?""'.'' tleciriciiy is 

,esis.a.c. Of „„ o,S. Irnt' 

” ' W .MAGsNEflc flELI, 

or o>ochinerfMOTr.il'"oi“c'I™,“ *" <l.™amos 

T:zs£t oZ‘„rs?s;ior- 

roiai,„';:wiS ,S™"o.;;.rS'S“'i" iXi? i'T^'JisY.? sSS™ 



# 


fig. 9.7. 
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magnetic field B. If at a particular time /, Q is the angle which the 
normal to the plane of the loop makes with B, which is J_ to the 
axis of rotation of the coil, then the magnetic flux through the coil 
of area A(^ab) is 

0“B.A=5^ cos 6=AB cos cot. ...(27) 

On account of the motion of the loop through the field, an 
emf induced in the coil. 

-jJ B.dS=-^=BA w smu>t. ...(28) 

If number of turns in the loop is then the total induced 
emf, as each turn contributes the same flux is 

^^NBAcu sin cot. 

Thus, the emf varies sinusoidally with the time. The maximum 
emf occurs, when sin «;/=l, and Q = NBAco= a mo-'B* 

maa sin <i)t. .. (29) 

From above relations it is clear that both flux and the induced 
emf reverse their senses relative to the circuit twice in each revolu- 
tion. If the rotation is uniform, the one is maximum when the 
other is zero and vice versa. The emf is maximum, when 6=90° or 
210° and is zero when or 180°. The emf depends upon area 
and no. of turns and not on its shape. It depends not on the flux 
through the loop but on its rate of change. The rotating loop can 
be utilized as the source in an external circuit by making connections 
to slip rings which rotate with the loop. Carbon brushes against the 
rings arc connected to the output terminals. The instantaneous 
terminal voltage on open circuit is the instantaneous emf, known as 
alternating emf. The variation of Q with t is as shown in Fig. 9Mb)- 

The instantaneous values 
of I, •••ar® generally 

represented by small letters 

z.c., ..., thus Eq. (29) 
becomes 

e=emaiB sin oit. ...(30) 

Fig. 9.8. 

9.9. MEASUREMENT OF MAGNETIC FIELD 

{a) Search Coil Method. The search coil is a closely wound 
small coil of about 50,100 or 200 turns of fine wire and about 1 sq. 
cm in cross-sectional area. This coil in combination with the 
properly calibrated ballistic galvanometer or Grassot fluxmeter is 
used for the measurement of magnetic induction of several tesla. 

The search coil is connected in series with a ballistic galvano- 
meter through a rheostat and a secondary coil of a standard sole- 
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Search 
coil 



noid (which is used to calibrate ballistic galvanometer). The pri- 
mary of the solenoid is connected through a reversing kev with a 

battery, rheostat, and an ammeter in series. First of all the pri.marv 
Circuit of the solenoid is kept off and ^ 

the search coil is inserted in the raagne* 
tic induction B, to be measured. If the 
coil is placed with its plane J_ to a 
magnetic induction, the magnetic flux 
linked wUh the coil of turns N, each of 
area A is If the coil is not 

normal, then (!>=^NB.\~NBA cos 9. If 
the coil is first inserted with its plane 
to B and then removed out quickly, 
the flux through the coil thus decreases 
rapidly from BAN to zero. During 
the time that the flux is decreasing, 
an emf of short duration is induced 
in the coil and a kick is imparted 
to the ballistic galvanometer. The 
amount of charge passing through 
galvanometer 



Secondary 



Primary 




|| 



Fig. 9.9. 


(' a,- f' 

Jo io R "J 


^ ^ b.T. EAN 


then 


If 9 IS the first throw of the galvanometer due to this charge. 


g==B.4NlR^Keil + i^), 

ballistic constant and A is the logarithmic 
of ballistic galvanometer. ‘^s^iunmic 


...(31) 

decrement 


known^cu'^rrl^Tamo^ ^ standard flux, a 

po 'ih7or5 s ”'r kpr/ndTh, »,rS 

af?ul^AA^ ^ galvanometer is observed Maonetic field 

.o Z "■ «"!■ f "nglS <S!e 

with the secondar^con^ 'ii^ked 

i= fhTot'hpn''”'' 

•••(32) 


^=2/io/2iWa/d77?=A:5Xl + iX). 

Thus from equations (31) and (32), we get 


T-t^onin^iA* 


e 

6* 


or B=^ 

NA 


6 

6' 


...(33) 
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In this way B may be calculated. Here the deflection 6 is maxi- 
mum tor the particular orientation of the coil, when the coil was J. 
to the held direction. Thus the magnitude and direction of an un- 
known field can both be found by this method. This method is used 
to measure strong magnetic fields, e.g., the field between pole pieces 
of ponerfuli magnet. 

ib) Earth Inductor Method. Earth inductor is an instrument 
usedfor the ineasurement of earth’s magnetic field. It has a coil 

consisting of a large number 
of turns of insulated Cw-wire 
\\ound over a wooden or ebo- 
nite frame. The coil is fitted 
in a wooden frame and can be 
rotated quickly by means of a 
handle about an axis passing 
through the centre of the coil 
and lying in its plane. The rota- 
tion is confined to 180*^ exactly 
by means of stops provided in 
the frame. The frame itself can 
be rotated about an axis which 
is to the axis of rotation of 
Fig. 9.10. ^. 0 i] Thus the coil can be 

adjusted vertical or horizontal as desired. The ends of the coil wire 
are connected to two binding screws on the frame. 

It works on the principle of the rotation of a coil in the mag- 
netic field. It is generally used for the determination of the horizon- 
tal component of earth magnetic field i/. vertical component Kand 
angle of dip To find i/, the frame is kept vertical such that 
acts along the normal of the plane of coil. The ends of the inductor 
coil are connected with the ballistic galvanometer, the coil is rotated 
through an angle 180'" by the handle and the first throw in the 
galvanometer is noted. 

If at any instant t the coil makes an angle Q with H, then the 
flux linked with the coil of n turns, 




(I>=n(A . Yi)=nAH cos B. 

, - , Induced emf 1 

Induced current= ;; — 

K K 


dC> 
df ' 


Thus the charge given to the galvanometer coil 


=^2nAHlR. 


If Bn is the first throw in galvanometer, then we have 

.., 34 ) 
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To eliminate K and A, the circuit is made as shown in Fig. 9.9. 
except that the search coil is replaced by the earth inductor and N~ 
and 5-poles are replaced by the earth’s magnetic field. The experi- 
ment can be performed as given earlier in the search coil method, [f 
B be the first throw in the ballistic galvanometer, when the current i 
in the primary of the solenoid of lurns per unit length is reversed, 
then we have 

- A/2), ...(35) 

where is the number of turns of the secondary of the solenoid and 
A' the area of each turn. 

Equations (34) and (35) give 

weber/ni'. ...(:>6) 


nA 


d 


To determine vertical component oi' earth’s magnetic field K, 
the coil of the earth inductor is laid horizontally with the axis of 
roiution along the magnetic ii.cridian. Coil is now rotated through 

180' and the first defiection in galvanometer coil is noted, if it is 6v 
then 

y=Kd\/<(\ -\~^iA)l2nA. ...(37) 

Proceeding as above, the combination of equations (35) and 
(37). we get 

K= weber/m^ 

nA ^ 

The angle of dip thus can be gi\en by 

* A ^ A 

tan or (p 


...(38) 


H e 


tan 


ii 


0V 


1 _ 


...(39) 


a special 
damping 


s 

Silk fibre 


(c) Crassot Fluxmeter. Ihis instrument is really 
type of ballistic galvanometer in which both mechanical waiu^mg 
and restoring torque are made negligibly small but the electromag- 
netic damping is relatively large. 

The coil of small cross section and 
ol fairly large open rectangular 
structure is suspended from a spring 
S support by means of a single 
thread of slik and h angs with its 
parallel sides in the air gap betv-een 
the pole pieces of permanent magnet 
A/5. This silk fibre has negligible 
restoring torque and the fiat spiral 
saves it Irom elfects of shocks. The 
current is led into the coil by spirals 
of very thin, annealed silver strips 
which induce very little mechanical 
damping of the motion. These leads 
are connected to the terminals 
to which a search coil may be con- 



Se arch coil ^ 


Fig, 9.1 J, 
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nected. The search coil is small and usually mounted within a flat 
brass container with an insulated handle. With the heln of this 

attached with the coil or by the lamp and. scale arrangement. 

When a search coil, of turns n and of area of cross section of 

each turn X, IS in'^erted in the magnetic inductions then the flux 

changes from 0 to M^nAB). Due to this change in flufL induct 
emf ^ ,s produced in the circuit. This induces the current 

where R is the total resistance of the circuit. 

of upon the coil 

the moment of momentum. If / is 

of the fluxmeter coil and w its angular velocity, 


...(40) 


i n'B' A'=I{da}ldf) 

Z=iR={IRInB'A')da.ldt. 

StnrnrH^" offluxmeter, ^'-areaofits 

each turn and B ^magnetic field of permanent magnet. 

is the ^ifferelyel')^ induced emf, which produces angular acceleration 

flux in thfseareK ^ ^te of change of the 

dueto?srotatiSn‘;°i.^°'^ ^ fluxmeter 

^=d0jdt~n' A'B'(o=d0ldt—n' A'B' dOldt. ...(41) 

Combining Eqs. (40) and (41), we get 


or 


IR 

1 

, .,r^, dd 



n' B'A' 

,1 

1 

— n' A B V 

dt 

• 


On integrating. 

we get 




f' t/<D 

Jo dt 

dt-n’ A' B' 1 

t dd ^ 

0 dt n' 

IR [t 

B'a^ Jo 

dw , 
— dt 
dt 

lo 


dB- 

n' B’A' 

(® 

■Jo 



. ^^^firation limit on the right hand side is from Oto B, as the 
coil IS at rest before and after the change in flux. 

<i>~n'A'B' e=0 or <i>=n' A' B' 6=kB. 

Hence the unknown magnetic induction 

k 


B 


nA nA 


B. 


...(42) 
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This relation shows that the total change of flux in a search 
coil which depends upon is proportional to the deflection of coil 
of fluxmeter. 


This instrument is portable but not so sensitive as a ballistic 
galvanometer. It has the following advantages over the ballistic gah 
vanometer : (i) The deflection is independent of time and is same 
whether the time taken for the change of flux be a fraction of a 
second or as much as one or two minutes, (ii) The deflection is 
independent of moment of inertia of the coil, hence large M.I. is 
not required. {Hi) The coil is suspended by a silk fibre hence the 
mechanical couple is reduced to a smaller value. The induction of 
the search coil circuit is unimportant and may be quite large with 
negligible effect upon the deflection. 

9.10. TIME VARYING MAGNETIC FIELDS 

Upto this time we have considered erafs induced by the rela- 
tive motion of magnets and coils. In this section we want to see 
the effect of magnetic field varying with time. Such a field may be 
produced by flowing alternating current through the winding of an 
electromagnet. The field B so produced also varies with time. If a 
conducting loop is placed in such a time varying field, the flux 
through the loop will change and an induced emf will be produced 
m the loop. This induced emf will set a motion in the charge 
carriers and thus will induce a current. 

In macroscopic form we can say that this varying tnagretic 

field B sets up an induced electric field E at all the points around 

the loop. This field will exert a force F on a test charge E at 

various points of the loop, from symmetry, must be tangent to the 

loop. Thus the electric lines of force that are set up by the varying 
magnetic field are the concentric circles. The work done in carryin*^ 
a test charge around the circle of radius R is given by ^ 

lV= j'F . di --fq^E . d\ = q^,E2nR. 

By the definition of an emf, we get 

emf Q=Wlq^=~--E2KR = iE . dl 


From Faraday’s law of induction, we get 

^^-dCblcJt —d0/dt = §E . d\. ...(43) 

. .y® fose 'ine integral of E . is not zero, hence we can say 

that the electric fields associated with changing magnetic fields are 

non-conservative, while the fields associated with stationary charges 
are conservative. ^ 


9.11. THE BETATRON 

elertrJnf Principle is inapplicable for the acceleration of 
of mass at low energies. The first important.machine fo? prod^^^^^^^^^ 
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high energy electrons was the betatron. The first betatron was 
constructed by Kerst at the University of Illinois in 1940 

Same fundamental 

TO TO 1 f f" 1 I ' 1 * -J alternating current 

appficd to a primary coil induces an alternating current usually with 

cotl k yoltage m the secondary coil. In the betatron secondary 

nrodur^H ^ vacuum chamber. Electrons, 

he doughnut from a hot filament, are given a 

Doir ^1 ^PP^cation of an electric field having 

Setfr / alternating mag- 

orodnr H parallel to the axis of the tube, two effects are 

produced, (1) an electromotive Jorce is produced in the electron orbit 
0} the changing ntagnctic flux that gives an additional energy to the 

^ > i^dial j orce IS produced by the action of magnetic 
fleld whose direction is perpendicular to the electron velocity which 
the electron moving in a circular path. Instead of spiralling, 
r are arranged such that the increasing 

radfur'^ ^ electrons in a circular orbit of constant 

Using Faraday s law of induction, the work done on an 
cJectron of charge e in one revolution 

W=e^~ed<^ldt^ 

If Z' is the tangential force acting 
done W can also be expressed as 

W^2t:RF. 


on the electron, the work 




Jo 

dt * 


For an electron moving in a circular orbit 



Bev=Mv^lR or Mv=BeR. 

This relation indicates that the magnetic field B at the orbit 
must increase as the electron energy increases otherwise radius i< 
will not be constant. If R is kept constant, then 


(Mv)=r>I? . ...(45) 

From Newton’s second law, the rate of change of momentum 

IS equal to the force. Hence on combining equations (44) and (45), 
we get 



f- (.«■«. 
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the of flux <D within 

the orbit of radius R is always twice vvhat it would have been if 

rdaflon 'if*'" were uniforn, throughout the orbit. This 

relation IS ivno\\n as ihc ^6'/rf/ro-/ Since the induced en.t 


tube 



- p TARG ET & INJECTOR 
^1 - : .. \ 1 SHHELD 



V 

^ . \ INJECTOR UNTT 

^ I ^ 

X-RAYS 

ORBIT EXPANDING CatS 

■ f0ff t ft HfQ t DEFLECTING FIELD 

1 


e 

magnetic FLUX 


+ 



injector uNrr 


9J2. 

is determined by the rate of change o'' flux, the iron core is It, - i. 

nated as in a uainf. inner anJ a!'.ernaiine potential at ^0 or ]'■^r 
cycles is used to produce varying niagnetic irdd. The electrons -,'ro 
injected at an instant when the magnetic field is just risin>> froiT, it 
zero value in th ; first quaner cycle. The increasing magpetic fudH 
induces a potential widiin the douahnut v.hicn incre-,s,.s ,V. 
energy of the electrons, W hen the field strength (-.asscs il^ m-, i 
mum value and starts to inc. ea.se. th. direction of the m 'need ^ i 
IS changed and the electrons s'ait to slow down Thus cT -t' 
avoided bv ren oving the electrons from iheir stable orbit b'v ua^dn't 
a pulse of current tnrouph an auxiliarv coil when ihr j- -i;! 
its posiMve maxtmum. These high energy electrons 

tangentially to strike a target which then emits A'-iavs Th " 

Sion from the machine consists therefore of a su- cessh-.n 
pulses of .V-radiatmus. each occurring ai the peak of the a c^'maxi' 

'e,npi22l'd 

The energy of electrons can be estimated from the time aver 
age of the energy given to the cle.irons and the total m t h r 
revolutions made by the ele.;trons. If the flux vari ’tiofi- • ^ 

the relation O - sin o,t, the time during which accelerationTakes 


382 


Electricity and Magnetism 


place will be 7t/2ai. Hence the energy gained by the electron per 
turn when the flux changes will be 


E—e^=ed'^ldt=e(ji d), cos cot. 


Thus, during the acceleration period, its average value will be 





= 7t/2<l> 
= 0 


cos wt dt 


t=nl2<o 


dt 


g^<I>o(l/a>) 

7t/2cU 


7t 




For most of the time electrons travel with a velocity close to 
the velocity of light and therefore the total distance L travelled 
<luring the acceleration process will be C7t/2w. If7?isthc radius of 
the orbit, the number of revolutions N will be given by 

N=Ll2nR^cl4 coR. ... (47) 

Hence the total energy gained by electrons 

E^Eav X N=ec(i>Ql2T^R. (48) 

The energy of electrons can also be estimated by the help of 
relativistic equation for energy 

K.E, — pc=BeRc, ...(49) 

where B is the ma^etic field at the acceleration. The energy 
obtained is therefore limited by the radius and the peak strength of 
the magnet of the orbit. 

Most of the modern betatrons are operated from a 50 cycles/ 
sec, a.c. source. If the length of the circular path within the dough- 
nut of a betatron is supposed to be 3 metres and the energy gained 
by the electron in each revolution 400 eV^ the electrons will then 
have a total energy of 167 MeV. In practice the energy of electrons 
can be varied from 10 MeV to 100 MeV by applying the orbit shift- 
ing magnetic field at different times during the quarter cycle in which 
the field is increasing. 

At a certain limit the energy gain is balanced by the radiation 

loss (because of the centripetal force, the circulating electrons are 

-expecte) to emit radiations). Schwinger (1946) suggested that the 
energy radiated per revolution was proportional to E^jR. Thus the 
radiation loss is very serious at very high energies and this device 
hence cannot be used for acceleration of electrons to a very large 

energies, 

9.12. MUTUAL INDUCTANCE 

As illustrated in the article 9.1, a changing current through one 
vcoil can prodnCeTcn induced emf in a neighbouring coil. It is due 
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to the change in flux in the 
second coil. The first coil in 
which current passes is known 
as primary coil and the other 
coil, in which induced emf is 
set up is known as secjndary 
coil. Let ni and m, be the 
number of turns in primary 
and secondary respectively. A 
current in coil 1 sets up a mag- 
netic lines of force and some of Fig. 9 I3 

“.rcoiiY f 

we have total flux associated wiih ^73 turns of secondary 



^*<1)2 / 


or 


...(50) 

lalioas and sines anSe “l!,™ orien- 

as the mutual inductance or cneffiHp ^^^is is known 

coils. Actually mutual mducr^r inductance of the two 

thef' " '» ™™,io„ of 


P — ^ 

cit 


HaOa J = 


or 






u 


dt' 


•••(51) 


Thus from relations (50) and (51) we can define M as • 

3 of __ vo/r 

unit of [di'idt) ampjsec deciampere. 

TOs^ ™it is ei.en the special name He.ry. in honour of Joseph 

coils is used to eva)ua?rthTefrect ofehang'ing'^th^^^ between two 

on the behaviour of the currenfin the sSd®coU lS",Is'” ““ 

h in the primary coil as ^ of current 


The unit of M 


£ ax ^ M y\{dijdt). 


...( 52 ) 


384 


Electricity and Magnetism 


^'^P'^^seats the mutual inductance of coil 2 with j^ect 

’ • '^*'5 produce current k in the secondary coil 

wuich will also produce induce emf in the primary coil. Thus 

Sii^M,Jdi.Jdt\ ,.( 53 ) 

where is the mutual inductance of coil 1 with respect to coil 2. 

cnrr^ ini'n,,™ element 8|, of the secondary 

r magnetic field B, 

(due to current /j m primary) is given by 


SFi = /j,S3„xB, 


•••(54) 


distance displacing this element by a 

5in = /.X8’sXB,).8r=/,S(T',,, ...(55) 

Parallelopiped of 


mu Jrj/^ relation is same for the motion of the secondary coil. 

us IF. represents the work done in displacing a secondary coil 
by a distance 6r and vj,„ the additional flux linked with the secon- 
dary by virtue of the current in priTiary, 

The total work done in bringing the secondary coil from far 
apart to a point where the rliix hnkage is O.j 

dW.=~^S /a ...(56) 

Similarly tnc work done in bringing the primary keeping the 
secondary fixed j y ^ 


= ...(57) 

where is the dux linked with the primary. Since the final states 
are equivalent regardless of the way, hence 

or /iO, 2-=/2 cI) 21. 

or = .(58) 

Hence the inductance o f the coils remains same 

wheiherjj Te current i's flowing in coil 1 or in 2. This is known as 
recipro cityjK-yoreni of mutual Juductances. 

II A/i 2 (say), then the amount of work done and 

thus the mutual potential. energy of the coils is 

W==W, ...( 59 ) 

The reciprocity theorem can also be proved as : 

The current to the primary coil produces a magnetic flux 
linking the secondary coil. 

cDx,=JBi.^/S,=J(V X Ai).^/Sj„ 
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__ 

47C 


dU.dl, 




Of 


A/to= .-0 


4?: 




...(60) 


This is known as Neumann s formuia. 

Since r IS the distance between a point on the primary to a 
point on the secondary. The integral as a whole is symmetrica^ 
il.i re ^ Dec t to subscripts, i.e., the subscripts 1 and 2 may be inter 
changed without interchanging the end result. ^ ^ 

.Measurement of Mutual Inductance. Jn this article we are 
alSc^5^Ing the dc method oaiy. Few more \ 

in chapter (12). Here P and arc ‘ 

the two coils whose mutual indue- /b'g) 

tanco M is to be determined. By 

short cireiiiting resistance r, a suit- I S ^ j 

able current / is allowed to pass 

through the primary coil P. JC the i — , 

positions I and 2 of the comuiutator p * ■. - 

C are connected, then the induced %. ^ 

current will ilow of the circuit con- > 

sisting secondary cojl .S'. ^ *— j p | 

Induced ernf g = - MUlildt). I-L-Jh | 

Induced current ^ ^ -tj 

^-^IR = -~{MjR) dildt, Fi 9 . 9 14 


/ \ 

< / } 

^^2 I 

. r- J 

*; »•'' ! 
■fr.i 


(5Rr 




■e i'a 


9 > 


1 r 

- — »VA/V' 

~<S' 


/■/>. 9./4. 


where R is the resistance in the secondary circuit. 

Hence the total charge through the ballistic galvanometer 


''11 (- : 


A/_ 

R 


di \i Ti 


Mi 

« 

R 


ore.,;- ss 




- » " sr" 1 'o-y l ,(6i) 

beiweL°2aTrL^'al^’*fn 'hat 

ts Placed in the primary circuit and aTtLdrcLTe'iirri^^Xe^j 



386 


Electricity and Magnetism 


to pass in the primary. The current will be same, as very small 
resistance r does not effect its value. The pd across resistance r 
thus sends a steady current ir\R through the galvanometer and a 
steady deflection Q' is observed. Then 

irlR=K 6 \ ...(62) 

From relations (61) and (62), we get 






Thus mutual inductance M can be calculated. 


9.13. SELF INDUCTANCE 


Faraday induction is of equal importance in a single circuit. 

If a current flows in a single coil, the current causes a flux through 

the same coil. If the current 



T 


Fin. 9,15, 

current through it changes) is 
induced emf as self induced emf. 


changes, the flux also changes 
and emf is induced in the coil. 
The direction of the induced 
emf is such as to oppose the 
change of current in the circuit. 
It is given by Lenz’s law, this 
is against the current when 
current is increasing and in the 
direction of current when the 
current is decreasing. The pheno- 
menon (the production of induced 
emf in the circuit when the 
known as self induction and the 


By analogy with the definition of mutual inductance, 
inductance L may be defined as 

L^N0lh 


the self 

...(64) 


where N is the number of turns in the coil and 0 is the flux pc 
turn in the coil due to current i. 


(65) 


From the Faraday’s law of induction, we have 
induced emf S= — diN 0 )ldt = -~ Ldijdt. 

When a coil i- connected to a ‘^j'h'^'Jhrbatter^ 

throuph the coil and a work will be done on the coil by ih - 

If ihe^current is changing with the rate di/dt, resuUs in 

Kdi dt). This opposes the current flow th^ou^ih the coil. 

kLp the current same, power P is applied to the inductor. 

Power (dildt). 
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Total work done by the battery on the coil is 

inductor (coil) is stored as potential enerjf Wh ‘he 

opened the magnetic field around the indtctor^rn^r ^ 

energy ,s .eturned to the circuit. Relation St 

expression lor the mechanical kinetic enerov (I similar to the 

that the self induction L plays the same rohiJ"^'^^'' / shows 

the mass or inertia does in mechanical motion. 

Sdfi„d„c.anc.Z.,„., be defined, fro™ rd„i„„ (64), ( 65 ) „r 

(/) The //„, Ueked m,l, the circi, 

(//) The induced enif produced in tUr, 

change of current in it is\miiv. cncmt when the rate of 

(m) The twice the work done in establishintr //. 
associated with the unit cmrent in the circuit magnetic flux 

Its unit is henry as that of the mutual inductance. 

Measurement of ‘L’ bv RivlpJoh’c k*i 
R ayleigh gave a method for the measur^ernenSof 
a cod using the principle of Wheatstone's bridge^ "xhf 
self-mductanee is to be measured, with a very fmall ^ ‘ whose 

series, is connected in the unknown arm Cn Th,J "^.^'^tance /- in ' 
u 1 . * resistance mav 

be short-circuited by a key A sensi- 

twe ballistic galvanometer along with 
the lamp and scale arrangement is placed 
in galvanometer arm BD. 

Initially keeping the key A'l closed 
T IS made equal to 0 and the resistance 
t( IS adjusted to a value for which 
galvanometer coil does not deflect while 
pressing key A'j. In this case galvano- 
meter current is zero and the inductance 
IS not elTective. 

If galvanometer key Af is closed 
hrst and then the battery key A",, galvano- 
meter will observe the induced emf produ- 
ced in CD arm due to the growth of cur- 

tionate curren^^irelery^br^MhVfThVSrTuTt^S Propor- 

*a.va„ometer arm be kl (di/di). lUs for tiie timVm 



f'ig- 9.16. 

~ Ldijdt) crusts propor- 

lit * 
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in CD arm reaches to its steady value Iq (say). Hence a impulse 
of charge q will pass through the galvanometer. 




kLdi—kLia. 


If 0 is the first throw of the galvanometer coil due to this 
charge, then 


q^kLi^ = 


T_ 

2n 




To eliminate k and Iq, a small resistance r is connected in 
series by taking out the plug from key /sTg. This small resistance 
will not affect the steady current io and the distribution of currents 
in the arms of the bridge and will introduce an additional emf n'o 
in the arm CD. This will produce a steady currents krio in the 
galvanometer. If the corresponding steady throw is d\ then 

krio=Ke'. ...( 68 ) 

From relations (67) and (68), we get 

a '+ 2 -)- 


9.14. CALCULATION OF SELF-INDUCTANCE 

(a) A long Solenoid. Let us consider a long solenoid of 
length /, total number of turns TV, and of area of cross-section A. Ii 
a current i is passing through it, then the magnetic field inside the 
solenoid is 


i and flux 0 —BA = P'oNiAll. 

Total magnetic flux linked with N turns=Mo^^(-^/^^*^ 
The induced emf around N turns 


or 




di 

dt 


...(70) 


where n{=Nll) is the number of turns per unit length. 


Now if a second short coil {known as secondary) of /m turns is 
wound on the solenoid, insulated from the first, the flux linked witn 
the secondary due to the current i in the primary is 


0 = BniA = H'onfnAi~Mi (By definition) 

or Mutual inductance M^^y-onmA. 

If the solenoid is wound on the core of a material 
permeability then we have 

L=fx«®^/and M^^v^nmA. 


f 



\ 

A 


of constant 
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i 


2a 


{b) Long Parallel Wires. Let P and Q be two parallel svires 
placed at a distance d apart in 
air. If a be the radius of either 
wire and the currents in the 
wires are each equal to i and are 
in opposite directions. The mag- 
netic field at any point O, at a 
distance x from one wire due to 
the current in the wires is 


0 



dx 


0® 


i 


X 

I 

1 


B 


^_o 


B " Br ] 


The flux through a small 
width dx is 


Fig. 9A7. 

element of unit length and of 


d0=Bdx=-^ 


^ I 

X 




L X a- X j 

Hence the total flux passing through the entire area between 
two wires of unit length, is 

' I ^ - . Poi r 

2n L 


*= Bf: 



d -X 


dx 


l02 


d — a 


l»8. -i“~A 


• • 


I 

TT- 

Self inductance per unit length, 

log 


L= 

TT 


d—a 


...(73) 


i Tz a ' ' 

(c) Co-axial Cylinders. An important method of transmitting 
ra^aio-frequency alternating currents over a distance is by means 
ot a cable, a pair of coaxial cylinders of radii a and b {<a). The 
current in these cylinders is exactly equal in magnitude but in 



Fig. 9.18. 


opposite direction. Due to this opposite current 
the cable is zero and thus the cable is non-radiating 

The magnetic field at a distance r from the 
the region between two cylinders is 


the field outside 
axis and within 


B y-Qijl-r.r. 

between r and r^-dr and of 

d0~(tif^il2nr) dr. 
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Total flux between the unit length of the cylinders 


O 


dr ^ 

2n r 


# V 


Hence the self inductance per unit length 

/^o - h 


L- 


2n 


log 


6 


a 


- (74) 


If the inner cylinder is solids the above result is not valid. 
Since the current i is distributed uniformly over the cross-section of 
area The field B is ^i^irllnd^ inside the inner cylinder and is 
Mo//27Tr outside to it. The value of the magnetic flux between unit 
length of the cylinders 




rdr + 




(a^-r) + 




\og. 


P-oi f* 

271 J a 

b 

a 




Since this flux does not link the entire current i, but the frac- 
tion of a current that is in an annular ring of area 2‘^rdr. Hence the 
equivalent flux linkage 



l-nrd r 



Tza~ L 2a- 



inauction per 







Stc 






Hence first term is the internal inductance of the inner solid 
cylinder. 

9.15. COEFFICIENT OF COUPLING OF THE TWO CIRCUITS 

Let us now calculate mutual inductance between two circuits 
in terms of the self inductance of each circuit alone. This is the case 
of maximum flux linkage, when all the flux through one circuit 
links the other. For this two coils of equal area (but not necessarily 
of equal number of* turns) should be placed next to each other. 
Calling coils 1 and 2, we can write for the mutual inductance 


and M 2 i= 2 Vad> 2 i/'i- 

Similarly the self inductance of the coils is given by 
L\—Ndi>ili\ and L 2 =N%<^di-i. 

If all the flux of coil 2 links coil 1, then 

Oj. 

or the flux dJia in coil 1 due to the current /g in coil 2 is the same as- 
the flux in coil 2 due to the same current /g. Similarly 
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or 


Since = M (say), hence we have 

^max~ 


•••(77) 


This is the maximum possible value of M as the total flux 
associated with one coil links with the other. In general only a 
fraction of (h, passes through the coil I. Hence (I), 2 = A'l.tha. 

Similarly only a fraction of 0), is linked with coil 2, i.e., 

M=-W{LxL,\ ..,(78) 

where A: is a number, depending on the geometry of the coils and 
their relative positions and having value between 0 and 1 
9.16. COMDINATIO.N OF INDUCT.\NCES 

If the several inductances are in series and are arranged so that 
there are no interactions through mutual inductance. The induced 
voltage across such n isolated inductances, is given as 


— / -T i^L_ / 

' dt dt dt '"^^dt~ ^ dr 

4^ — ^ Z-/. .. .(79) 

If these inductances are arranged in parallel, then we have 




-L 


di 


— r ~ ~ I 
dt 


di 

dt’ 


or 


or 


- U 


dt 


__r ^'•2 _ 

~ dt ~ 


r di,_ 

dr 


= = 

^ ^ dt 


Ac ‘1L -f/'i , dk , r//., , 

dt--^t^^+iir+-= 


u +z,2 




hence the equivalent inductance L is given by 


■■ (80) 

The relations (79) and (80) show that the non-interacting in- 
ductances can be combined as the non-inductive resistances. 

If the flux from one inductance links another, mutual induc- 
tance term becomes important. The voltage across the pair of such 
coils, connected in senes, will thus be given as 


L+t 


P — —T T 

^ dt Yt 


i-2M 


...(81) 


Here the mutual inductance occurs twice, once for the voltage indu- 

.changes in the first andlnce^^^^ 

fluxX th^ lilf'- T 'Interaction may increase or decrease the 

pa.r orcSst 


— A + Z^'a ± 2 Af , 


• • • 


(82> 


392 


Electricity and Magnethm 


9.17. ENERGY STORED IN A MAGNETIC FIELD 


We know that the current j is related with the electric field E 
as j — aE, where a is the conductivity of the medium. This electric 
field intensity is the sum of two terms V E due to accumulation 
of charge and — 8A/0/ due to the changing magnetic field 


i = <7E-a(-VF-0A/0/). 

Consider an element in the form of a rectangular parallele- 
piped of length dl and area of cross section dS. If j is along d\y a 
charge jdS will go from left hand to right hand face in one second 
and thus will set a pii of — VF. ^il across these faces. The power 
supplied by the source to this element of volume d'^ 


^P=-VF .d\ j — VF .jc/T==(E+0A/3O. Id'j:. 




The first term is the Joule losses. We are mainly concerned 
with the second term. Let us write latter as Pm or dWmjdt. 


(a) In terms of B— We know that curl hence 


dt 



dt 


(VXB) dr 


= [■>• ( 


Vx 


dt 







^/t+ — 

dt /xq 



BX 


dt 


dS. 


...(84) 


Here we have used relation V.(AxB)=(V xA).B— (V XB).A 
and the divergence theorem for the conversion of volume integral 
into surface integral. 

If we choose 5 to be a spherical surface at infinity. 
shown for current loop, A falls off as 1/r® and hence B as 1/r ^ 

large distances. Since the surface area Sec hence the surface in- 

tergral decreases as 1/r* and thus vanishes 


dt fio Joo ^t 2^0 dt J 00 


Setting IF,„ = 0,when B=0. we get Wm^ 


J oo 




Energy density = 


...(85) 

...( 86 ) 


These relations show the similarity with the electrostatic 
energy in terras of E. As magnetic energy varies as hence tne 

total energy due to several fields is not just the sum of energies 

calculated for separate fields. 
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(6) In terms of j and A— Using relation B=curl A, Eq. (85) 
becomes 




I 


2^0 


B.(V X A)d':. 


Using the vector identity and the divergence theorem as used 
before, we have 

2-"[ A.(VXB)Jt+ ' 

The surface integral vanishes. As hence 


A.(VXBWt+ [ (AXB). cIS. 

0 J -o 




fn 




( j . A)d-, 


oc 


where t is any volume consisting all regions where jr^O. 

/. Energy density A). ...(88) 

(c) In terms of i and (I> —With filamentary currents one can 
replace j dr by / d{, where d\ is an element of the circuit carrying 
the current /, in Eq. (87), Thus we have 

i i = i i (I). ...(89) 

The directions of / and d) are related by right hand screw rule. 

(d) In terms of / and L— Since the 

magnetic flux can be replaced by tiie pro- 
duct of the seif inductance L and the 

currents /, hence 


It can also be proved as given in 
section (9.13). For two circuits carryine 
currents /, and we have 





L 


dlV,r ^ — ^idijx 

J' 

' ^ dt dl 


Fig. 9.19. 


'^dqi +r 




dq. 


L-dyJiz-izMi.^dii 
LJidi^ 'r L^i ^dij^ ^Md( ij.2. ) 


Total energy stored + Af/i/,. ...(90) 

The first two terms are the self energies and the third term is 
the interaction energy due to mutual inductance. 

9.18. MAGNETIC FORCE BETWEEN TWO CIRCUITS 

two loops carrying currents /'i and /s in the same 
direction. The loops tend to move toward each other and are 
nxed m the space only if the magnetic forces are balanced by equal 
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and opposite mechanical forces. We assume a small virtual 
displacement of one coil, without rotation. This displacement is very 
slow so the K.E, can be assumed as zero. For simplicity we neglect 
the Joule losses and thus have 


Work done by the sources = Increase in magnetic energy 

-r Mechanical work. 



The force between these coils 
can be found in two ways. 

1. Currents are kept constant. 
Assumed that the loop 1 is allow- 
ed to move a distance dr toward 
loop 2. As the currents are kept 
constant, only the interaction 
energy changes and the self ener- 
gies remain constant. Hence 
eqn. (60) gives. 

dWm = iihdM ~ iid<t)2i—hd<^Hy 
where (D12 is the flux originating 


in 1 and linking 2. Since and O21 increase in this case, hence 
dW„i is positive and the magnetic energy increases. 


In loop 1, 021 increases and the induced emf is set in such a 
way as to oppose a magnetic field B2 (originating in 2 and linking 
1). It will tend to oppose the current iy. To keep the current 
constant, the source voltage must be increased at each instant by 
d<^ 2 ildt. The source in loop 1 therefore supplies an energy 


dfV2i = ii (d(^2ildt) dt=ii d^2i = hh dM. 

Similarly the amount of energy supplied by the source m 
loop 2 


• • 


dWy2—iii2di\d, 

Total energy supplied by the sources dWs=^2iih dM 




Since /1/2 dM of energy is stored as a magnetic energy, hence 
the remainder idi dM would have gone into mechanical energy, n 
F21 is the force exerted by loop 2 on loop 1, then 

Mechanical work done (dWm) constant 1 = ^21* dr, ...(92) 

As dWtn is +ve, hence to keep the scalar product +ve, F21 
must point toward coil 2, like dr. It is right as we have assumed 
the motion of coil 1 toward 2. 


Let us write relation (92) in the form of equation 8.59. Using 
Eq. (60), we get 
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In the process of moving coil I by a distance dr, both d\i and 
d\^ remain unchanged and thus diiferential is to be taken of 1/r. 

A 




Since dr on the right is independent of t/I, and d\.^. hence 



{d\,ul\,) 

r'^ 




It is same as Eq. (:9) of chapter 8. 

2. Fluxes are kept constant: Instead of currents if the fluxes 
are assumed constant, then during the vertical displacement the 
induced emf is zero. Hence no energy is supplied by the sources 
to the system, except Joule losses which are very negligible. Thus 
the mecitanical work is accompanied by a decrease in magnetic 
energy. 


F2i.i:^r — — {d IV naiant 


9.19. EDDY CURRENT 

Npocault in 1895 th^t whenever a.conductQ r is placed 

in vftrying macnetf c field, indiiced-GU£i,ents are set up by 

induction. These induced currents circulate throughout the volume 
ofTlTe^elal. Because of their general circulatory nature these are 
ref^red to as eddy currents. The direction of circulation of these 
currents is governed by Lenz’s law. 

If a magnetic field is applied to the portion of a rotating disc 
in the direction j.. to the plane of the disc. Reference to Fig. 9.2\(a),, 
element oh is moving across tlie 
field and has an emf induced in it. 

Elements oa and oc are not in the 
field but, with all other elements 
which are outside the field, provide 
return conducting pati.s along 
which charges displaced along ob 
can return from h to o. A general 
eddy current circulation is thus set 
up in the disc as shown in 
Fig. 9.2\(b). 




(u) {b) 

Fig. 9.21. 


To find the direction of the eddy current, Arago performed a.\ 
simple experiment. A Uw-disc was pivoted horizontally and a mag- 
netic needle was suspended just above the disc, without touching it. 
When the disc was rotated rapidly, the needle was found rotating in 
the direction of the disc. If the direction of rotation of the disc was 
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reversed, the needb was observed as rotating in reverse direction. By 
applying Fleming left-hand rule, it is clear that the motion of the 

needle is as due to the current sets up in the disc. 

Eddy currents are formed in the interior of the iron cores of 
th^e rotating armatures of motors and dynamos and also in the cores 
of transformers. These eddy currents are very undesirable both 
because of the energy which they dissipate and because of the flux 
which they themselves set up. These currents are nearly, although 
not completely, eliminated by the use of a laminated core, instead of 
f ^ single solid piece of iron, Fig. 9.22(a). Thus core consists of thin 



Fig. 9.22. 

sheets of lamina, insulated from each other shown by curved lines, 
Fig. 9,22{b). In this way the eddy currents are restricted to the 
individual laminations instead of flowing across the whole core. The 
resulting length of path is greatly increased with consequent increase 
in resistance. Hence the induced currents and their heating effects 
are minimized. 

Applications, (f) Electromagnetic Damping. An important 
application of the eddy current is made in galvanometers to make 
them dead beat. For this the coil is wound on a light metal frame. 
When the coil and frame rotate in the field pf a permanent magnet, 
the eddy currents are set up in the frame. These currents produce 
a force which opposes the motion of the frame. The motion of the 
frame is thus damped. This damping is known as electromagnetic 
damping. The oscillations of a moving ballistic galvanometer are 
stopped by short circuiting the coil, where the induced current is set 
up in the coil itself, 

(//) Induction Furnace. Heating effect of eddy currents is used 
in induction furnaces, in which the substance to be heated is placed 
in a rapidly changing magnetic field. Heat produced by eddy current 
in the metal is so much that melting takes place. This process is 
used in extracting the metal from ore. Now the heating effect of 
‘eddy current is used for the heating of tissues. 
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(in) Induction Motor. A metallic cylinder, when placed in a 
rotating magnetic field, rotates due to the eddy currents set up in it. 
The rotation is as given by Lenz’s law. This is the principle of an 
induction motor. 

(/v) Electric Brahes. When a strong magnetic field is suddenly 
applied to a rotating conducting drum, the eddy currents set up in 
the drum exert a torque which stops the motion of the drum. This 
principle is used in stopping electric trains. 

9.20. DYNAMO 

The principle of the dynamo has been discussed in article 9.8, 
but the actual form of the machine was not described, if the two 
ends of the rotating coil are connected to 
a pair of slip rings, the emf is enabled to 
produce an alternating current in the 
external circuit. To produce a current in 
one direction a device called commutator is 
used. It consists of a splir ring AB, to each 
half to which is connected one end of the 
rotating coil. Two brass conductors C and 
/), called brushes, bear upon the split ring 
at opposite ends of a diameter. As the 
direction of the emf induced in the coil 
changes sign, each segment of the split rmg ^ 
moves on to the other brush, and hence I 
the emf alwavs acts in one direction in ^ 
the external circuit. As shown in Fig. 9.23, w 
the emf and current in the external circuit 
are constant in direction but not in value. 

Thus we get pulsating direct current. 



Continuous or direct current 

planes are at right angles to each 



Fig. 9.24. 


Fig. 9.23. 

Consider a pair of coils whose 
other. As shown in Fig. 9.24, the 
ends e and h are joined to the 
commutator section A, and f 
and g are joined to section B. 
At the time of rotation of the 
coils, it will be seen that when 
the one coil is producing zero 
emf the other coil is producing 
its maximum emf. The resultant 
output emf is shown by thick 
curve in Fig. 9.24. It shows 
that the emf is not constant in 
value but varies between the 
limits OA and OB. 


By increasing the number of conductors round the circurafer- 

^"-mature (tht rotating part of the dynamo), the emf and 
current curves may be made much smoother. There are many forms 
of armature winding. Let us discuss an armature of eight conductors 
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four coils). These conductors lie in slots abcdefgh in an iron core 
and are connected to the four commutator bars A BCD at the front 
ot the armature, as shown by the continous lines, and to each other 

j armature, as shown by the dotted lines. The con- 
ductors b, c and d are descending, hence the emf is directed from 

in a circle. The conductors 

back, represented by the cross in a circle. Current enters the 

brush £■ and passing through paths EAadDgbCF or 
EAfcUheCF QMsis to the external circuit through brush F. 




t -■ 

Fig. 9.25. 

The way in which the mean voltage is increased and the ripple 
voltage is reduced by the superposition of a number of waves pro- 
gressively different in phase is shown in Fig. 9.25. By increasing the 
number of conductors, we can get nearly constant potential, the 
armature from its shape is called a drum armature. 

There are mainly two types of armature windings, 

(1) Lap, (2) Wave winding. The difference in these types 
consists merely in the arrangement of the end connections at the 
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front of the armature. The length of the front connections is called 
the/rnnr/?//c/2>»pandthatof the back the back pitch y^. These 
pitches are measured in terms of armature conductors. The two 
conductors which join two commutator bars constitute a winding 
element. The distance between the first and last conductors in an 
element is called the resultant pitch \ . 

>’F for a lap winding, 
y=yB 1 yt' for a wave winding. 

Since the end connection of the consecutive conductors point 
alternately to right and left, hence the partial pilches yn and i f must 

be odd numbers. For number of poles p and number of conductors 
n the pole pitch is nip. 

Field Magnets. In small dynamos, the magnetic field is 

produced by an electromagnet. If the current required to excite 

the magnet is drived from a separate source, the dynamo is said to 

bQ separately CKcited. If the current is taken from the dynamo 

Itself the dynamo is said to be self excited. The former is used in 

the large dynamos. Inmost dynamos the current for exciting the 

field magnets is drived from the machine itself, but the ways are 
difi'erenl. 

{a) if the field winding is such that the armature and field 
coils are in series with the external circuit, this is called .series 
winding. It is applicable for incandescent lamps, not for charging 
of accumulators. As the current flowing increases, the einf 
increases because the increasing current produces greater magnetic 
field and lines of force are cut by each conductor in every revolution. 

^ {b) If the field winding is such that the external circuit and 

tne held coils are in parallel, this is called shunt winding. It is 
particularly of much use for charging accumulators. In this case 
theemfofthe machine drop; as the current increases in the exter- 
nal circuit. As the whole emf of the armature is applied directly to 
the ends of the shunt coil, its resistance prevents an excessivelv 

greai current flowing in it. The magnetisation therefore falls off 
and the e.m.f. thus decreases. 

(c) As the emf rises with increasing current in series wound 
dynamo, and the emf decreases in shunt wound dynamo, hence the 



Fig. 9.26. 
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combination of these two may give a constant emf for all external 
currents. Such an arrangements is called compound winding. The 
arrangements with their characteristic curves are shown in Fig. 9.26. 

Brushes. Two main types of brushes are generally used in 
dynamos : {a) The metal brush consists of thin sheet, wire or gauze 
of brass or copper, compressed into rectangular form. Its one edge 
bears against the commutator, {b) The carbon brush is made of 
compressed graphite. It rests normally on the commutator, hence 
does not require resetting if the direction of rotation is reversed. 

As the commutafcr segment leaves the commutator brush, a 
back emf induced by the self inductance of the coil causes a spark- 
ing. This is reduced by using carbon brushes, as the area of the 
segment in contact with the brush diminishes, the increasing resis- 
tance makes the current change more smoothly through zero. The 
second metho no redocc sptxrking is the alteration of the direction 
ot the lines of magnetic induction produced by the current flowing 
through the armature. The main difficulty is the difficulty of adjust- 
ing the brushes to every variation in current. This problem is 
reduced by applying an external field from interpoles, which are 
connected with the armature and produce the held as required. 

If the machine is with more than two poles, the number of 
brushes must be equal to the number of poles. If O be the total 
flux of magnetic induction from each pole, and p the number of 
poles, then the flux cut by each conductor per second is (]>pf, where 
/is the frequency of revolution of the armature. If n is the number 
of conductors between successive brushes, tliea the emf between 
successive brushes is <^pfn. 

9.21. ALTERNATORS 

In a simple alternator {alternating current dynamo^ a coil 
rotates in a magnetic field. The 
ends of the coil are attached to 
two insulated brass rings (say S, 
and 5*8), called slip rings. Two 
pieces of metal called brushes 
touch slip rings, one rests on 
each. Alternative emf is observed 
between two terminals of the 
brushes and T.^. This alter- 
nator is of no use for practical 
purposes, since the speed revolu- 
tion of the armature should be 
great. 

An arrangement, where the 
armature coils are on the out- 
side and stationary and the poles 
rotate inside them, is very much 
used for generating high voltage 
alternating current. The stator 
is of iron to decrease the reluc- 
tance of the magnetic circuit and 
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through slip rings. In^large generator^ 

as a field magnet. ® generators an electromagnet is used 

The alternators differ from d.c. generators in construction as : 

are usUbsmId™nt.^^‘^‘^‘'^^ °° commutator. However slip-rings 

(3) The former are nearly always separately excited. 

•»Pe. S’. comM^S: '»"» 

IS not complete until the external circuit is clos'eT^" ' 

poles ST'i”. :«sr'Se,d *Se''„“’',rhrr;5 

the armature stationary, the magnetic flux lint keeping 

changes and thus emf is induced irrhl f 

current, as given by Fleming’s right hinrl ''"‘Action of induced 
the first half turn ofthe armauire ft wm during 

generator (Fig. 9.27) ^ ^ current is produced by the 

IfA^bethe number of turns and .4 the area nf 
the mapetic flux d, linked with the armature l^tht n ^ armature, 
an angle with the direction of magnetic field /is given b7 

<1>~NAB cos 6. 

If the coil rotates with an angular velocity w, then the induced 


dt 


7t ^NAB cos 6)=-..^^ {NAB cos o>t) 


-NAB sin co/ = g(, sin wt. 

If the magnetic field B is in horizontal direction . 

emf IS zero when the armature is vertical ft is ml 
(c=(So) when the armature is horizontal a >>=./2 V 

when the armature returns to its original posiUo/c^S^f 
In India the frequency of ac supply is 50 cycles j sec. 

^ternation is lo’ar^Ses/hTfreqLnff of S/lution 

nations of emf per revolution of the ^o'lr'ir h^Jrr Sbef^F 


Electricity and Magnetism 

poles in the rotator. Tt is because the turns in the coils are in 

series and oppositely wound. 
Hence a coil is passing a A^-poIe 
at the same time adjacent coil 
is passing a 5-pole. The emf*s 
produced all act the same round 
the stator circuit. As thi poles 
are excited through slip rings, 
hence the rotor circuit is broken 
and the current in the external 
circuit is broken accordingly. 

The above type of generator 
is called single phase generator. 
Two phase and three phase alter- 
nators are generally designed. In 
a two phase alterator, there are 
two coils placed at right angles to 
each other so that emf in one is maximum when it is zero in the 
other. Thus phase difference of 90° is maintained between the 
two. The number of turns and area of cross section of each coil 
are the same, therefore the amplitude and frequency of the 
generated emf’s will be the same. The emf in the two coils are 
given by 

v=Vq sin fi>t, v = Vq sin (ajr4-Tc/2). •••(94) 

In a three phase generator, there are three coils inclined at 
120' to one another, and are rotated at constant speed in a uniform 
magnetic field. The emf’s generated will all be sinusoidal and of 
same frequency and of equal maximum values. The emf of coil 5 
will lag behind that of ^ by ^ of a period and that of coil C will 
lag by a further i of a period (f in all). Hence erne’s are given by 

v = Vq sin cot, v — Vq sin (cor (-27^/3), v = Vq sin (cor+47c/3). (95) 

As one complete cycle of emf is generated by the passage of 
one pair of poles, hence for 2n poles (or n pairs) on the rotor, n 
cycles per revolution will be generated. m is the number or 
revolutions per sec, emf of frequency nm cycles/sec will be generated. 

The polyphase sys em has the following advantages. 

(1) In polyphase alternators the total power does not fluctuate, 
while in a single phase generator the current fluctuates. 

(2) The output power of a polyphase alternator is always 
greater than that of a single phase generator of the same size. 

(3) The polyphase alternators are used for power generation 
as they are superior for transmission and distribution purposes, 

Distribution of three phase alternating current. The number of 
terminals to carry current of 3-phases, is reduced to four terminals. 
The starting point of all the three windings is made common and is 
called the neutral. In this way power can be handled by three heavy 


TO EXTERNAL CIRCUfT 



Fig. 9-28. 
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transmission wires and one light one incfpart i, 

^uld require in three separate single-phase s^sterS SreTe 
following two ways of connecting these wires : 

liSiiiiiHsi 


or 


V=V,-V. ( = V3-V,-V3-V,) 
v= Fu sin (a)/ -r2-/3)-F„ sin cot 
2V„ cos (tut I 7 c/ 3) sin (it/3) 

= \/3 Vo cos (co/ + tc/3). 


...(96) 



' y.zy 


Thii^ the voliat^e amohtuJe ic i/"? t/’ i 4^1 
30 \ Thus for a house su ip!v of ^30 volK difference 

neutral wire is connected to the suoDl^^^^ a 

ries 40!) v'olts, three line wires and 'a^neuirarL 'n facto- 

luctory. Since no current passes th^rouah'^fh^"'.l'^^l connected to 

line current is same as that^of phas^e currem 
Tl.e line currents are eaual to rht- . 

connected arrangements and the line 

The power is given as turns the phase emf. 


Power IV '3 fp^.se cos <t> = x^3 Vicos <f>. 
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(a) Delta connection. In 

Ph-ose 1 
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this type of connections three 
windings are joined in series. 
Hence the line voltage^ Le., the 
difference of voltage between two 
phase wires is same as that across 
each winding, which is known as 
phase voltage. The line current 

I = l2 + Il 

I=/o sin (aj/+2TC/3)— /o sin tot 
= 2lo cos (ai/+7r/3) sin(Tc/3) 

= V3/o cos (cot+n/3). ...(97)' 


Fig. 9.30 

Thus the line current is equal to V3 times the phase current. 
In this way we see that the power consumption in both the 
cases is same. 


9.22. DC MOTORS 


A motor is a device to convert electrical energy into mechani- 
cal energy. It is based on the principle that a force acts on a 
conductor carrying a current and placed in a magnetic field. The 
principle may be better understood if reference is made to the article 
8.8. From that the torque on a coil of turns, carrying a current 
placed in a magnetic field B and enclosing an area A is given by 
the relation 


T=^iNAB sin 0, ...(98> 

where 9 is the angle which the normal to the plane of the coil makes 
with the direction of magnetic field. 

The ends of the coil are connected with each half of the split 
ring ^5 and current is allowed to pass through the brushes Bi and 


^ 2 , bear upon the split ring at 
opposite ends of a diameter. 
When the plane of the coil is 
vertical, i.e. 0=0, no torque acts 
on the armature (coil). As the 
armature has sufficient inertia 
and the frictional forces are 
small, the angular momentum 
gained earlier carries it through 
the zero torque position. After 
the vertical position the current 
passes in opposite direction due 
to split ring, and hence a torque 
acts in the same direction. Thus 
we see that the armature rotates 
in th^ same direction with two 
positions of no torque in each 
revolution. In this way electrical 
energy is converted into mechani- 
cal energy. 



The motion of motor with 
a single coil and two poles is 
not continuous. To make the 


Fig. 9.31 
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motor smooth running the single coil is renlar^H h,, i 
at equal inclination to each other A Mnfini coils set 

may be preferred for this purpose'. Referin winding 

with the eight armature conductors lei nc 9.28, d>namo 

emfto the brushes. If current enS i^^and Ss 

m 6, c and d will now be from back to front and in f 

and 1 / experience an uXardfoLan^ 6, c 

the opposite direction to that in whiJh t tvn.^ n' “ 
mechanical means. Thus we see that if ^ ^ Previously driven by 

external means to a dynamo the maddne wtU ruTaZ t 
non being in opposite direction w/i/„ "21 

It, as a dynamo, was driven, ^ ^ riwtor to that in 

Back e.m.f. in armature. When th<^ 

each conductor is cutting across magnetic lines of force'^a 
fore emf IS produced in it. This induced emf there- 

value to the rate of change of number oHmer/f r P'°P°''“onal in 
of the fact that the motion is due to this same ^ force irrespective 
find its direction, apply the right hand aw in L^ 

=^/of Fig. g.28). it will be seen !!iat em/ due to ^ 

offeree is from front to back and in f 2 and h ^ lines 

Thus we get emf i„ rhe oppSte drfeCion tl 7|.. 

baS"™/ ■'"> hence ."s'"!'™..:", 

emf H»L^tZ7e'n;^d?pS:p<;S “L"a‘p*p"md^:™ “ ” 

resistance of the armature. As the arniamre n 1 'he 

back e.m.f. increases and the current is conseonenH^^ 

decrease is rery much useful as, it prevents ZZZ!/ .^^‘=''5'‘5ed. This 

of the armature. ^ injury m the insulation 

back e' mT.';'g;5e„'’br'“' £ -he induced 

£ ban dB:dt=BANw, 

then the current through an armature of resistance R •■■('99) 

i = (K-£)//?. 


Hence the torque acting over the coil 


^=BANi=BAN(V~eyiR. 

The mechanical energy produced per sec=The rate of working 

=-dd!dt=-BANico=Si. 

^—^^IB, or Vi^^i^TR, 

Energy supplied! sec^ Mechanical energy obtainedlsec 

-f Energy loss! sec. 
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/. Electrical Efficiency 


_ Mechanical energy obtained _ 

Electrical energy supplied Vi 
—Back einf./Applied emf. ...(101) 


V) is maximum, when but current becomes zero in this 

case and thus no work will be done. Work output is maximum 

when maximum, or S (K— £) /^=maxiimim, 

-f- r/£ = 0 org=-^ ...(102) 


Vitncc for maximum outpnt of work the back emf should be 
half of the applied emf. However this condition is not practicable, 
as the armature current will be too great to burn the coil. 

Motor Starter. As the current is too great to burn the coil 

in the very beginning, some high resistance is required in series with 

the armature. This resistance may be cut out step by step until the 

full speed is attained and the back emf is sufhcient to keep the 

current in the armature down to a safe value. Such a variable 

resistance is knov/n as starting resistance and also as starter. One 

form of starting resistance for a shunt motor is shown in 

Fig. 9.32. When the motor is at rest the contact arm AO is pulled 

* 



fig. 932. 

back by the spring S and the armature and field circuits are 
incomplete. When the arm is raised, it first makes whole resistance 
PO in circuit, AO is moved forward step by step as the armature in- 
creases. Finally all the resistance coils are cut out and the armature 

arm comes in contact with the poles of the electromagnet M, which 

is magnetised by the current also flowing in the field coils of the 
motor. 

If the electric supply stops suddenly the electromagnet loses 
its magnetisation and the contact arm AO is pulled back by the 
spring and thus cuts off the motor from the mains. This avoids 
the burning out of the armature due to the large induced em 
produced in opposite direction and is thus known as no voi 
release. 
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Another safety device which the starter contains is the another 

electromagnet N. called the over had release. If the armature current 
thn. Tif* armature of this electromagnet is pulled up 

thus snort circuiting the electromagnet M. Hence the arm 

calK' IT '' automati- 

cally cut off, when it becomes too great. The starter is only used 

Ipeid'rap"dir'’ ^ain 

The direction of rotation of motor can be reversed by revers- 
ing either the armature current or the field current, but not both 
as they will produce the rotation in the same direction as before. 

r-4 c modern electric trains and tram 

cal hrTl'^."^^ powerful emergency brakes in addition to the mechani- 
cal brakes. These emergency brakes, also named as maem-tic 
ira.xes. consist of an electro mjgnet suspended by two sfrong 
springs just over the rails. When a current Hows, the electromaonel 

attracted and makes contact with ‘"the 

moi disconnects the motor from the 

atns and the resistance coil is placed in the circuit. Owing to the 
momentum of the tram or train, the armature is still driven and the 
hr?n ^ dynamo. The current produced bv this dynamo 

used to^sL^i" K.E. of the train is 

Senes, Shunt and Compound Wound Motors. Like dvnamn^; 

the motors are also of three types. In the m owau/ torque is 

S rrji s,3TEf.r.'Jrfc,Tc --rrx 

ifr rr 

fans, blowers and oihe, machines where constant speed s reouired 

The CO po„d ,e„„„d motor possesses the advanrates of hmh tl., 

senes and shunt wound motors It is used when « ilro 

is required and then in order to ma.nta n snecH ,tf^^ 

the field winding is automaticaliv cut off wh senes part of 

certain speed. ^ut off. when the motor reaches a 

9.23. WATTMETER 

in a circuit in watts *" Vn^Xrec/°c^re^t*^^- power consumed 

measured by an ammeter and^ voltmeter ThT^"'^^ 

tttnrtoton, is also used for this purpose, h m"TZTn'sZ„X 
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moving coil B is inserted in 
cuit, while the fixed coils AA 



series with the main supply cir- 
have high resistance and are in 
parallel with the load. The 
current through coils AA is 
proportional to the voltage 
across the load, whilst the 
current through coil B is 
same as through the load. 
As the current /is passing 
through coil B suspended in 
the magnetic field due to 
coils AA through which 
current proportional to V 
is fiowing, hence the torque 
acting on the coil B is given 
by 


T oc VI. 

This torque produces a defiection ^ in the coil, given by 

VIccil>. ...(103) 

As VI is the power consumed. Hence the deflection of the coil B 
measures the power consumed. The scale over which the needle 
attached with the coil swings can thus be calibrated to read in watts. 

A dynamometer type of A,C. wattmeter is suitable for low 
frequency (< 1 kcjs) circuits. A low resistance coil C is placed in 
the senes with the ac supply and the load. As the main current i 
passes through it, hence is named as current coil. A high resistance 
coil P, also having a high non-inductive resistance R in series, is 
connected in parallel with the supply. This coil is named as voltage 
coil or pressure coil. The current V passing through this coil is 
proportional to the pd. across the load. The mechanical force or 
couple between the two coils is proportional to the mean 
value over a complete cycle of the product ii\ 


Owing to the absence of 
iron in the neighbourhood of 
the coils the emf across the 
voltage coil is in phase with the 
current through it. The pointer 
is attached to the voltage coil 
and arranged to move over 
a scale directly calibrated in 
watts. Fig. 9.34. 

Due to some self inductance L of the voltage coil, current in it 
is not in phase with the emf strictly, but lags behind by an angle 0, 
given by ^=tan"^ <oLlR. The error is very small if B^coL. If the 

supply emf is represented by sin cot, then the load current 

will be of the form 



i=/o sin {oit^<t>). 


...( 104 ) 
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where cos ^ is the power factor of the circuit 
required. The current through the voltage coil is 



£ 


0 




sin {cot -6), 


in which power is 
given by 


Hence the instantaneous value of power 

ii* — ‘ / ^ A\ • / I \ 

= £o^o 


2v/(/?Hw 


s^l^COS {<j> — f)) — CQs (2cof- 





The mean value over the complete cycle 


go/pcos (<t>—e) 


If L — 0, then 6=^0 and the mean value of 



which is proportional to the true power. 

, Indicated power__ ( Sq/q cos ( <f>~d) 2R 

True power ~~ 2v ^ cos ^ 


R cos 

\/(R '^ ^ cos 


- sec 9^ cos ^ X [cos <l> cos 6 -f- sin <l> sin 6] 
^cos''^ + itan ^ sin 26. ...(105) 

As this ratio is greater than 1, hence wattmeter should be cali- 
brated to indicate the true power consumed in the circuit. 


9.24. TRANSIENT CURRENTS 

(o) RC. Series Circuit. A capacitor C may be charged or 
discharged through a resistor R. Charging is done by connecting a 
battery of emf Q, capacitor C and a resistor R in series. If i is the 

instantaneous value of current at an instant t through R, the poten- 
tial difference across the capacitor will be Q~Ri. If ^ is the instan- 
taneous charge on the capacitor at this instant r, then we have 

^~Ri=(jlC or Q-gic=Ri^ 

Since / - dqjdi, hence 



_dq dt 

~ R ‘ 


On integrating, assuming g and C as constants, we get 

~'C logoff — ^/C)=//7?-|-const. 
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Since when t=0, q^o, hence const=-C log, g and therefore^ 

r/C/?+(og,g. 

S - q!C_ _ 


log 


CR 


or 




s 


or 


q-^Ce(l-e->'CR)^q,(l-e-t'CR) 


...( 106 ) 


where CQ maximuir. charge associated with the capacity 


The current p—dCR & - 


dt CR 


R 


tICR 


...(107) 


tions of tii-pp charge are therefore both exponential func- 

of its initial vtIup the current has decreased to \/e'^ 

capacito^ is the time taken for the 

capacitor to acquire 634 of its maximum charge. 



iig. 9.35. 

. , Fig. 9.35 show that the charge of a capacitor 

es time to reach to its maximum value. It can be explained as. : 

7 « tU closed, the initial current of ^jR will set up 

the capacitor experiences no potential difference 

Z'^ro. The flow of current through the resistor starts 
the capacitor. Due to this charge, there will be a potential 
across the capacitor. Since the sum of the potential 
ijjeren^s {across the resistance and across the capneito'') must always 
equa the applied emf. hence the pot ntial difference across the 
resistor must decrease by the same a nount qiC, which wHl reduce the 
charging current. Thus the charge of the cap icif or builds up and the 
chargu^ current decreases u til the capacitor is fully charged. la 

time t^RC or practically equal to 4RC, the capacitor is fully charged 
for all practical purposes. 

If a capacitor of capacitance C having initial charge qo is 
allowed to discharge through a resistance R, by connecting the 
latter in series. Let i be the instantaneous current in the circuit and 

q the charge on the capacitor at any instant t the emf equation in 
this case will be 
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iR + qlC=0 or 


„ 

a RC 


or 


R dqjdt-\-qjC — Q, 
\oge — -^^+const. 


As q -q, at f * 0, hence const^log^ qQ, 

Current durins di-^charge ^—tlRC 

^ d( RC ^ 

Since and £//\“InitiaI current /q, hence 

• • . rv 

1= - I 


...(108) 

...(109) 


...( 110 ) 


( 


y -- [ 

' RC^\ 


The curreni thu-; rails exponentially. The initial cn^.ent is due 
to the charae ou ihc condenser. Jn the close circuit it is in the 
dirceiion oppo.^:te to ‘dial in the case of charging. Eq. (107) and 

(1 10) sliow tl'ut me chai'Lung or dl.^chareing is more rapid for smaller 
values of RC. 

Let us nov,- calculate tlie energy dissipated in the resistance 
during the cliateing or dischargurg of a capacitor. The energy 
dissipated in tin e 6/ i^ given by 

^\V -CRh=\(qJRC)e~t PC]' pit. 

” e-W I, 

This is indtp ndent of R. Eq. 1 11 1) shows that half of the total 

energy suppiie^^ by the bdttery is gained by the capacitor and rest 
half is dissipated in ih^ resistor. 

(b) Circuit. Let us consider a circuit consisting of a 
battery, a coil of sJf induttai.cc 

L, a ^c^isto^ :< md n I^ev' co 
nected in series. If at time u 
the key is ef'sed so that the 
battery is in ciicuit. ■ ne current 
at any instant r ilo\\ing in this 
circuit is gl\en hv 

g ■ L(di id:) Pi .,,(112) 

where L(diid ) is the eivif induced 
in the circuit t this instant t due 
to the rate of inc -case of current 
across the inductance L, and R is 
the lota) resistance in the circuit. 

L di 

: ~dt or / 


P 




A6, 


L -.-J 




-^3 


' / 

'J- 


Rig. 9.36. 







dt 


L 


(S — /?/) + 


r 

'R 


log. 


or 


\-~Ril^=e-~^dL^ 


£— Uoe.^ 
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1— ...(113) 

current at any instant r. Here 
h (G/R) IS the steady value, the maximum value, of current when 

I <x. For R = 0, current will not be infinite but (E/L) t obtained 
by direct integration of Eq. (1 12). ^ 


The rate of growth of current — = -5- i.p—RtiL 

dt L ® 




i^i and fo^L the rate of growth of current decreases, as 

the vJue of //» current i depends on RjL. The greater 

smaller hi / r ^ inductive time constant, the 

smaller will be rate of growth of current. 


second?if denoted by A and is expressed in 

seconds it L and R are m henrys and ohms respectively. 

If then /=/o(I-^?-i) = o.63 /o. 

to 0 constant is the time taken for the current to rise 

to u.d 3 times Its maximum value. 

Cwn-enr. After the current attains steady value L, the 

S common terminal ^ with 5. 

The current will fall and the self inductance of the coil will oppose 

this fall of current. During this stage, if / 

current is flowing at any instant t in the 
circuit then 

L~^Ri or 



TIME t 

Fig. 937, 


dt R i 

On integration, we get 
di 

h) i 





Jo 


dt or L log, 


i 


-Rt 


i 


..•(IH) 


Here we see that the greater the value of time constant A, the 
more slowly is the decay of current. 

From above results we see that the effect of the inductance is 
to prevent the current from falling instantaneously to zero. If the 
oattery IS suddenly open-circuited, a large induced tmf —L{dildt) 
iMy cause a spark across the point at which the circuit is broken. 
yyith large inductances very large voltages may arise in thi^ way which 
can damage the insulation, if the circuit is broken suddenly. 


When the coil is switched on, the induced emf opposes the rise 
of current. The energy is supplied by the battery to do work against 
this emf The total work done in bringing the current to its final 
va/i^ is stored as the magnetic field of the coil, which is taken back in 
the form of heat and light when the current decays. 
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(c) LC-Circuit. Let us consider a circuit consisting of capa- 
citor C, a inductance L and a battery E in series. Tbe resistance of 
the circuit is assumed to be 
negligible. First of all the 
common terminal S of the two 
way key is connected with the 
battery terminal Ay and the capa- 
citor is charged. When the battery 
is removed from the circuit, the 
charge begins to flow from one 
plate to another via induc- 
tance L. 



Fig. 9,38. 

Let, at any instant t during discharge, q be the charge on the 
capacitor and / the current in the circuit. The pd across the caoa 
citor is qjC and the induced emf set up in the inductance is L (dildt) 
Hence the total effective emf in the circuit ^ ’ 


— qlC—L dildt=0. 


As i=-~dqUity the rate of decrease of charge, hence 

d^q d^q 

dt^ dt 


...(115) 


q 


-•f L 




LC 


or d-qldt^+ol'q^^) (where 1/LC). ...(116) 

This is the linear differential Eq. of second order with solution 

...(117) 

where A and a are arbitrary constants, can be evaluated. Differen- 
tiating Eq. (117) with respect to r, we get 

dqldt=^A^e^^ and d^qldt^—AoL^e^^ , 

Substituting these values in relation (110), we gel 

=0 or Ae'^^ (a 24 -j^, 2 j_Q 

As Ae^^ cannot be zero, otherwise solution will be zero, hence 
(y3-\-oj^=0 or <x.= ±joj, wherey=\/(— I). 


Thus we get two solutions ofEq. (116) corresponding to two 
values of a. Since the Eq. is linear, any, linear combination of 
these two solutions will also be its solution. Hence the most general 
solution is 


q^A^.eJ^i+A^e-j<^ty ...(118) 

where Ai and A 2 are arbitrary constants. 

Using initial conditions : at r=0, q^q^ and /=0, we get 

q = qQ~ Aic"^ A- AzC^ ^ Ai-]- Az, 

i = dql dt=0 —jo) 4ie° —jotA^e" =jo3 {Ai—A<^, 


and 
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Solving these two, we get 

=qQ COS sin M+7^/2), ...(119) 

This is the equation of the discharge of the capacitor through 

the inductance. As this equation represents a simple harmonic 
motion, hence the discharge of the capacitor is oscillatory and simple 
harmonic. The periodic time of the discharge is given by 

T=2n|w = 2T.^JLC, 
and the frequency of oscillation is 






It IS obvious from Eq. (119) that the electrical oscillations are 

ot constant amplitude ^ 0 - It is the ideal case, as v'e have assumed 

zero resistance ot the circuit. In actual practice, coil itself possesses 
^ resistance, due to which the energy is dissipated gradually 
and the oscillations die away ultimately (will be discussed latter). 


T ^ I t * " ■ can be explained by Fig. 9.39. 

In the begiQing when the capacitor is fully charged and the pd bet- 


ween the plates is Vm, the 
electric field is set up between 
the plates and the energy 
stored is qo'jlC. When the 
circuit is closed, the capacitor 
starts to discharge through the 
inductance L and causing 
current to flow. As the current 
rises from zero it builds up a 
magnetic field around the in- 
ductance. At a later instant, 
represented by Fig. 9.39 {b), 
the capacitor is completely 
discharged and pd between its plates is decreased to zero. i he 
current becomes maximum /.,* the energy stored is LI,a^ At this 
time the whole electrical energy associated with the capacitor is 
completely transierred to the /g/rc'Z /tf energy linked wifh the 
inductance coil. The magnetic field no.v decreases, inducing an 
emf in the inductor in the same direction as the ciirrenr. The 
current therefore persists, with diminishing magnitU'.ie, uniii the 
magnetic field is disapoeared and the capacitor is again charged to 
the same potential. The charges so apn ared on the cxpacitor are 
of opposite nolarity. The process now repeats itself in the reversed 
direction. If there is no loss of energy, the above process coniiniies 
and the process is known as electrical oscillation. 



Fig. 9.39 


At any instant the sum of the energy associated with the 
magnetic field of the inductor i- Li^ and that associated with the 
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capacitor q /2C is constant and is equal to the energy of the capaci- 
tor, when fully charged. The electrical oscillations in an LC circuit 
can be very well compared with the oscillations of a mass on a spring 


(dj LCR-Circuit. Let us consider a circuit consisting of 
capacitor of capacitance C, a 

coil of inductance /. a resistor of i ' i " 


resistance 7? and a battery 7^ in 
series, as shown in Fig. 9.-.O. 
When the switcli is thrown 
over to A, the capacitor benirs 
to charge. If at any instant t, i 
is the instantaneous ^allJe of 
current in the circuit and q is the 
charge on the capacitor, then \se 
have effective emf in the circuit 









£ — L dijclt — qj C — Hi. 

As t=dqldi and dildt^d'qldt'^, hence we have 


-L _i_ ^ S 

di-^ ■ L ~dT^Tc^=~L 


Putting RlL=2k and l/LC=aj‘^, we have 


-f 2^ 
dt‘^ 




• % % 


( 121 ) 


Let us now replace quantity q-’S>ILaj^ by a new 
Then we have dqidi^dx dt and d-qldt'^—d'xldi'\ 

becomes 


variable x. 

Eq. (121) 


or 



+ 2k 


dx 

It 


-|-co2^ = 0. 


Let its solution be 


dxjdt- A'Je^^ and r/’x/r//- = / 4 a 2 £.a^ 
Substituting these values in Eq. (122), vve get 

/laV“' + 2 /c,- 1 :<C=‘' +<o'/lc“' r=;:, 

Ae^' [:■■ -2/c'*-f o/] = 0. 



As Ae'-^‘ cannot be zero otherwise solution will be zero, hence 
a2 + 2/:^-|-a.''i==0 or a = ~ k yf y 

Therefore the most general solution of Eq. (122) becomes 
As = = final steady charge on the capacitor, 

q = q<, + A^e^-k + Vlk^-a,'-)] y (/c^-^^)] t 


-.( 123 ) 
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Using initial conditions : at t=0, q=0 and /=0, we get 

0=9o+^i+^ 2 or Ai+A2=—qo 

0=Ai [— Ar+VCA:'— co’*)]+^2 [—k—\/(k^—co^)]. 

Combining these two Eqs. we get 




k 

V (.k-‘ - 



k 

Vik^-<^'^) 



q = qo~W+k/\/(k^~o>i)] e[-k~V(k^-co^)] t 

— ko [i~klV(k^~u>^)] e^-k-y/(k*-co*)] t. .,.(,24) 
There are three possible cases : 


(1) In this case both the square roots are real and 
the charge giadually increases and acquires its steady value as 
shown by the lower curve in Fig. 9.41. The charge is known as 
over damped or dead beat. 

(2) In this case the coefficients of the exponential 
terms of Eq. (124) becomes infinite. To simplify it let VCA:-— 
where h is very small. Then Eq. (123) reduces to 

q=qQ+ 

Ui {\+ht+ )+^(l-Ar+ )] 

=g,+e-*“ {P+Qt), ...(125) 

where +>42 and Q=h{Ai — A^. 

Applying initial conditions : at t=0, q—0 and i=0, we have 

0=^0 or P~—qo 

and 0= — kP+Q or Q=kP= — kq^. 

/. q=qfi — q$e~^* (l+kt). ...(126) 

Thus charge increases without any oscillations and called 
critically damped. 

(3) k'^<<o^. In this case Vik ^ — is imaginary. Let us put 
it as where ^ — y/{(o^—k ). Thus Eq. (124) reduces to 

q-qo jp 2 r jp } ^ 

==<7o— 2 [(e^®*+e*^P0 + (A:/yW (e^P^ — 

=^ 0 — [cos P/+(^/^) sin fit]. 
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constin?. '"■here 6 ,s 

^ = ^0 [I--(a) ^) cos (^/— ^) 

•••(127) 

This relation shows that the 
charge is damped oscillatory^ as 
shown by the upper curve in 
Fig, 9.41. It fluctuates about the 
steady value q^. The current at 
any instant / in the circuit can 
be obtained by differentiating 
Eq- (I27j as 


another 


da 

at 



Ol ) 


] 


a;" P 

- - e-‘' l^sin 5 cos (/S/-«) + cos 5 sin (;8r-e) J 




=9o 


CO 






sin fit. 


...( 128 ) 

This is also the relation for damped oscillations. 

capacSSShargSS" » -.0) ,he 

Circuit and the capacitor is allowed to from the 

tance and resistance. If the initial chan^’ through the induc- 

r during the discharge let q be the char 'f left on'^l'he 

ahe current in the circuit Thus we have 'he capacitor and 

qlC-~Ldi!di~Ri, 

As the cha.rge q is decreasing with time, hence i=~dqldt. 


Therefore, 




or 


dt- 
d-q . R 

dr~ 


dt 


if =0- 


On assuming y?/i 2k and I/IC=c„2, we get 


d 'L I dq 

. "» 2k — Q 


dt 


dt 


...(130) 


As obtained earlier the most general solution is 

Applying the initial conditions ; at t=0 « = . ^ 

qo=Ai~i-Am. ’ ^ ^0 ^^d. 1^0^ we get 


o^'^)]t 
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0 = ^l[ - /C + - 0,8)] ^ ^ to*)] 


• ff 




^0 

2 


1 + 


(A: 


— 


and y4.»= 


" 2 _ 


1 


V 


Substituting these values in Eq. (131). we get 
‘7=i7o[l 0)2)] e[— ^+\/(/c--o)*)] t 

‘ ho' l-4K/(' 2-a)*)] e[-A:-V{fc*-o)‘)] r 


...(132) 


...(133) 

Th'- re are three possible cases : 

(’) k >0)2. V(k" o)-) is thus real and positive. As r increases, 
the exponential terms decrease and becomes zero at t=co (upper 

paii of Fiff. 9.42). This discharge is known as over damped, non 
oscHIatcry or dead beat. 

. ^ ^ ^he coefficients of the exponential terms approach 

inhnity, charge can be calculated as done earlier and we get, 

q- q^H^ kt) e-'‘\ .. (134) 

which shows the r on-oscillatory discharge. This discharge is known 
as critically damped. 

<3) k^<tu‘‘. In this case x {k'—io^) is imaginary. Let V(^*— r"*) 
— 7 \/!o) —k Thus Eq. (I33) reduces to 


i -ii '+0 ).'-*•*+>( 


I 


JP 


\ 

) 




...(135) 


= (7u cos sin ptl 

Putting A:/^ — tan 6 and solving, we get 

q = qQ cos ()3r— 0). 

This is the equation of the damped oscillations, hence the 
discharge is damper^ oscilla- 
tory Thus the condition for 
oscillatory discharge is 


Jc<co^ or ~ 


or R<2 


4L 

( L V/' 

[ 


1 

LC 


The frequency of the 
discharge 

T 2tc 2t: 



1 

La 


4L^ 
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/ 


1 

2yt 


J{ LC )’ if i? is very smal]. 


• ♦ proper electronic arrangement, energy can be fed 

into a R-L-C circuit at the same rate at which it is dissipated from 
resistor (i.e., radiation losses i «). In effect a negative resistance 
IS inserted in the circuit so that its total resistance is zero and the 
circuit thus oscillates as the ideal L-C circuit and thus emitting 
electromagnetic waves continuously. ® 

^ resistance BY LEAKAGE 

If a capaciicr of capacitance C and initial charge q„ is connected 
across a resistance R, the charge leaks through the resistance. The 
Charge remaining on the capacitor at any instant t is given by 




or 




1 


t 


1 


c log, (qlq^) c log, (qjq) ' •••(136) 

Resisfance R can be found by first charging a known capacitor 
to a charge q„ and then by allowing this charge to leak through the 

mentmf The ratio qjq, is determined experi- 

mentally by a ballistic galvinometer. 


then immediately 


If the capacitor is given a charge q, and 
discharged through a ballistic galvanometer, then 

where is the first throw of the galvanometer. 

, Next the capacitor is given the same chance q, and then after 
oeing allowed the charge to leak through the same ballistic galvano- 
meter. It is ihe first throw of the galvanometer in this case 


and 


9o/9=^l/^l- 


^ c 


1 


log, 


2.3026 Clogio (5, /.^i) ■ 


...( 137 ) 


For the purpose of charging and dischareing of a 
Mo™ toy „,od. Tho doc., id connections n'c made as 
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Fig. 9.43. By joining a and b, and pressing the Morse key the 

capacitor C is first charged to a 
constant pd. When the capacitor 
is fully charged, Morse key is 
released so that the whole of 
the charge will go to galvano- 
meter. The first throw, Oj is 
thus noted. 

Again the capacitor is 
charged to the same potential by 
pressing the Morse key, then 

keeping the knob B pressed, 

Fig, 9.43. plug from gap ah is inserted in 

the gap ac and the charge is 
allowed to leak through the resistance 7?, say for 5 or 10 second. 
Now the Morse key is released and the first throw <f>i is noted. 
Resistance R is now calculated by Eq. (137). 

In practice, capacitor is slightly defective, has a self leakage 

resistance due to imperfection of its dielectric or of its insulated 

mounting. This self leakage resistance A* can be determined by 
allowing the charge of leak without the external resistance. The 
resistance determined in the first part of the experiment is really 
the actual resistance in parallel with R^. Since l/R=l/Ri+l/i? 2 , 
the value of can thus be determined. 

9.26. COMPARISON OF CAPACITANCES, DE SAUTY’S DC 
METHOD 



Two capacitors whose capacitances Ci and Cg are to be 
compared form the two adjacent arms AB and AD of a Wheatstone 
bridge. The remaining two arms consist of non inductive variable 
high resistances R^ and R^ respectively. A high resistance galvano- 
meter G is inserted between B and D and a bettery of high emf 
between A and C through a two way key or a Morse Key. The 
resistances Ri and R.^ are so arranged 
that there is no deflection of the 
galvanometer on moving the connec- 
tion of a to b or c. In both cases, at 
balance, the pd across the galvano- 
meter will then be zero. The and 
V<i the pds across the capacitors Ci 
and Ct respectively at any instant t 
cm be given by equations 

K .= p—tlRiCi 

Ci C, Fig. 9 44. 




and 
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At the time of balance, B and D are at same potential at any 
instant t, hence 

or C^Ri = C^R. 

CJC^^^R^/Rx^ •••(138) 

The same condition for the balancing of the bridge would 
also result if the process of charging of the capacitors is considered. 

Exercises 


Example 1. A Cu- rod of length L rotates at angular velocity 
w in a uniform magnetic field B. Evaluate the emf developed between 
two ends of the rod. 


Consider a short portion of this 
from centre O. Its velocity 
v = (jjI. Since v is perpendicular 
to B, which is J_ to the plane of 
paper, hence a force F will act 
upon this element dl along its 
length and will produce an elect- 
ric field E along it. 

Electric field E=vxB, 
or E—vB—wlB. 

This electric field will pro- 
duce an emf 

= W/=y 


rod of length dl at a distance / 

X X X X X 



Example 2. A metal due of radius R rotates with an angular 
velocity to, about an axis perpendicular to the plane of the disc and 
passing through its centre. If a uniform magnetic field B is acting 

along this axis, find the value of emf induced between the rim and the 
centre oj the disc. 


Consider the radial segment of length t/r at a distance /-from 

the centre of the disc, rotating with velocity w. If at any instant t 



Y 


this element makes an angle 6 with 
j'-axis, then in time dt, this segment 
will rotate through an angle dd. 

. . Area swept by this segment 
in time dt=rdd.dr 

and the flux through this area 

d<t>=B.dA= BdA = BrdrdS . 

“ change of flux in time 

dt due to the rotation of the disc 


F/g. 9A6. 



Brdrdd= y dd. 
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Hence th^mduced emf between the points r=0 and r^R 

ld!=\BR\ddjdt)^lBR^o}. 

Example 3. The magnetic flux through the coil perpendicular to 

, X X X Its plane and directed into the paper is 

varying according to the relation 

^=^{4t--ir-5t-rl2) milliwebe, s. 
Calculate, {a) th magnitude of the 
emf induced in th lo 'p when time t^3 
sec., and {b) what is the direction of the 
current through the resistance R ? 

We known that the enif induced at 
any instant r is 



Fig. 9.47. 
At ?=3 


d<b 

dt 

^(4/2+5?+12)x10 


-3 


e = — 10~®x 


millivolt. 

— ve s^eVflhnvp through the loop increases. The 

to is such as 

cmlsef^'nZfZt'in ^ " constant velocity oj 200 

from the induced emf in the rod. if the ends of the rod 

from the wire are at distances 8 cm and 32 cm. 

X from'^’he wir/ of 'eogth dx of the rod at a distance 

current / in w' magnetic induction at this element due to the 

currcDi i in Wire is 


2tzx 

As element dx moves a distance v per 
sec, hence the rate of change of flux will be 
Bvdx. According to the Faraday’s law of 
induction, 

emf induced in this element 




1 

i_ 

t . 


gl<- 

-O 

1 

i_ 1 





d^^Bvdx. 


Total emf 


HI 


Bvdx 


f 


i 


I 


a 


2-rt 


• 1 / • 
- s : /V 


- iv Jog 


Fig. 9.48. 
b 


dx ^ /i 

_ _ ^ 2 » - a 

=2x 10-’xi0x2xlog. 4=5.55 X I0-' volts. 


V 
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Example 5. A stiff wire bent into a semicircle of radius R is 
rotated at a frequency f in a uniform magnetic field B. Calculate the 
amplitude and frequence)’ of the induced voltage. If this circuit has 
negligible resistance and the internal resistance of the ammeter is 
lOOOQ., calculate the amplitude of the induced current. 


Let the magnetic field B be perpendicular tc the plane of pap 


er. 



the rotating seir.icircie makes 
an angle 9 with the direction of 
B. then fiux 

(I) — B.A— cos 6 
= B cos cut 

= B COS ItzJ' t. 

As induced cmf 

! dt ^ n' R} Bf 
sin 2^ft, 


/. Amplitude of the induced emf 

As induced current -g/i? [-i^i^’^^sin 27r//]/1000. 

Amplitude of the induced current— 10"® amp. 

Example 6. A rectangular loop of wire is placed in a uniform 
niagnetic field B acting normally to the plane of the loop, jf we 
attempt to put it out of the field with velocity v, calculate the power 
required for this purpose. 

If/ is the width of the loop and a length x is with in the field 
region. The flux linked with 
the portion of the loop which 
is with in the field is 

<I>=B. \=BA = Blx 



Due to the motion of the 
loop, the change in fiux in 
time dt will be d<L>=Bldx. 
Hence the induced emf 


X 

X 


X 


Q~~d<!)ld! 




J 


Bldxjdt— Blv. pjg p 50 

, This induced emf sets up a current / in the loop. If R is the 
resistance of the loop, the current 

i=^lR=^BhlR. 

n Lenz’s law this current must be clockwise. It produces 

ODDosfte and F, arc equal and 

where ** ^^vmg same line of action. Hence the net force is F„ 


Fi=-,lxB or Fi=ilB=BH^vlR. 
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Work done for the displacement dx against this force 

= dx={BHHlR) dx 


or the rate of doing work= 


dW _ BHH dx 


dt 


R 


dt 


R 


It is the power required for the motion. 


Example 7. A square wire of length /, mass m and resistance 
R slides down without friction over two parallel conducting rails of 
negligible resistance. The rails are connected to each other at the 
bottom by a resistanceless rail parallel to the wire, so that a closed 
loop is formed. The plane of the rails makes an angle 6 with the hori- 
zontal and a uniform vertical field of magnetic induction B exists 
throughout the region. 

(iz) Show that the wire acquires a steady state velocity of 
magnitude 


v={mg RlB^l^) tan 9 sec 9, 

(a) Show the validity of the principle of conservation of energy^ 

When the wire slides down, the area of the loop decreases and 
g thus the induced emf and the 

induced current is set up in this 
circuit. The induced emf 



To 


dt 


i 


= " (B. lx. COS 9) 

dt ' 

=Bl cos 9 {dxjdt). 

The induced current 

^ Bl cos f dx 
R 

Bl cos 9 




R 

w 


~dt 


R 


V. 


The direction of current is according to the Fleming’s right 
hand rule and is such as to increase the flux. 

The force experienced by the square wire is 

F=nxB or F^ilB. 

The component of force along the raiIs=F|| — 5/7 cos 0. 

At the steady state this force is balanced by the gravitational 
force along the rails, hence 

B{Bvl cos 0/7?) / CCS 9= mg sin 0. 

or v—mgR sin 9lB^l^ cos* 0=(mg 7?/ 5*/*) tan 9 sec 9. 
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For the second part of question, the rate of work done on the 

wire 

/^i=F . 's=Bilv cos cos’* BjR, 

The rate at which the Joule heat is produced in the resistor 

= cos2 B vVJ?") cos* BjR. 

Hence, we get Pi = /^2 or the principle of conservation of energy 
is valid for this problem. 

Example 8. A railway line 1 .2 m wide runs along the magnetic 
meridian. The vertical component of the Fartifs magnetic field is 0.5 
oersted. Calculate the emf in volts that will exist between the rails 
when a train runs on the line at a speed of 60 kmihr. 

The induced emf ^ due to the rate of change of flux is given 
by 

- ■ X)=Blv cos e. 

In the present problem, rails are in magnetic meridian and 
magnetic field B is the vertical component of the earth’s magnetic 
field, thus B between B and A is zero and 

Substituting the numerical values, 

5v=0.5 oersted =^0.5 X 10’^ weber/meter^ 
length /—distance between the rails=1.2 m 
and velocity of the train v — 60 km/hr 

= 60 X 1000/60 X 60= 1 6.66 m/sec, 

we get 2=0.5 X lO"** X 1.2x 16.66 

= 10-3 


Example 9. A ballistic galvanometer of 2.2 X 10~^ ampere per 
cm current sensitivity and 10 sec periodic time is connected in a circuit 
of total resistance 500 ohms. Find the deflection, in cm, produced in 

the galvanometer if the magnetic flux linked with the circuit changes 
by 1000 emu. 

The charge q due to a change in magnetic fiux, through the 
galvanometer is given as 

Change in mag netic flux ^ 

^ Resistance R 

^ 10 00 emu 
500 ohm 

= 1000x 10-3 weber/500 ohm 
=2x 10'3 coulomb. 
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Charge sensith iiv current sensitivity {S^ 


• • 


The charge-sensitivity (charge per unit deaection, /.e., qjB) is. 
related with the current sensitivity as 

T_ ' 

2 - 

q-erSJlK or e-^lrzqiTS,. 

Substituii'.ig nuT). erica) va'ues, \vc get 

e-2^3.]4x2x 10■^/I0x2.2x lO"® 

5J cm. 

Exa'U'ple 13. A fan biad: of k:iQ^^h 2a roti es with frequency f 
cycles per seco<,d p rpendiculcir to a magaeti : field E. Find the p.d. 
between the centre and end of :he blade. 

« 

Let US imagine the dotted circuit along which blade slides. 
As the contact at point D slides 

% ^ 4^ 

along, the area A of the ioop 
ODC increases), we thus have 




d<b 

df 


d 

dt 


(BA) 


d 

dt 


In one revolution (time 
=- time period^-- 1// ) blade 
sweeps out an area of tzo^. 


TG 


X 



•• B y .---T.naj. 

[ 'J •' '' . 

Fig. 9.52. 

This is the induced emf in the loop and is also the pd between 
O and D. 

Same rC'uIt can be obtained as ; 

Fd~Ko='-|^ Erdr^— rcoBdr 

— jo Bdr= —nf Bd^. 

Example 11. Find an expression for the induced emf produced 
between the ends of a coil of radius r having M turns and placed in a 
uniform magnetic field B — Bo sin a>/ making an angle 6 with the normal 
to the plane of the coil. 

The induced emf produced between the open ends of the coil of 
one turn is given by 

g--— J b . = — (^a sin a>t) cos 6 J 

= — Tcr® oiBn cos B cos wt. 
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ffere the integral is evaluated by taking surface as within the 
periphery of the coil. For a coil of N turns, the net result is roughly 

equivalent p the notion that each turn is separately linked bv the 

magnetic nax. In each turn the induced voltage is These 


voltages are in series, hence the total emf 
N turns is N tiineo greater and given by 


across the ends of a coil of 


S ..la? 



—N' V wBq cos 6 cos ojt. 


Txamj^le 12 hi a certain bclatrnn the maximum magnetic field 

was 400) gauss^^.perating a, 50 cycles! sec with a stable orbit . iameter 

J OU inches. Calculate the average energy gained per revolution and 
the final energy -/ the electrons. 


ii B \s ihe magnetic held at the end 
at the orbit of radius H, the hnal energy 

E~BeHc 


of the accelerating cycle 


= 4000 X 1 0'^ X 1 .602 X 10-'® X 30 X 2.54 X 10-“ X 3 X ] 0® - 
= 91.4 McV. 

Total No. of revolutions 



5x10^ 

^ X 2 x 3. ] 4 X 50 X 3C X 2. 54 X 1 0"=^ 

~ '.13x i0^ 


Average- energy gained per revolution 


=91.4x i0V3.13x ]0'=291.7 eV, 


Example 13. Calculate the self inductance of the thin wire of 
circular cross seciion and bcni into a curve whose radius of curvature 
IS very large compared with the radius of cross section of i he wire. 


The magnetic field at any point P on a surface rimmed by the 
wire may be calcLiiated on the assumption that the current is con- 
centrated along the axis of the wire. i:eDce if M is the mutual 




Fig. 9.53. 
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inductance between the circuits C and C, (the line of centres of the 

cross-section and the inner boundary of the wire), the flux through 

Cl when unit current passes through the cross-section of the wire is 
approximately M. 


The additional flux through Ci and the filaments through an 


element ds of a cross sectional area is I 




where / is the length of the wire and R the radius of its cross section. 
Here^ is the magnetic field at point P. Due to the current unity, 
distributed uniformly over its cross section, it is given by 


B = iJ.^rl2rzR\ 


Total flux <I)=M-I- / 





tSL 

4^ 



The self induction of the wire 


=if( 


= n(M-f ^ / 

47r 


/^o 


47t 


= I 

4tc 






As 


ir ’■'■‘/"‘‘•-I' 2"" * = 


: ' 

\ ds 

)r.R^ 



R 

iKr^ 

dr = 




L = M+- 



__ Mo / 

47z'R^ 


tzR^ 


= A/+ 


f^o 

Sk 



Example 14. An endless solenoid {or toroid) has a square cross 

section of ^ides b. If the inner radius is a and N turns are uniformly 

dutributed evenly over the circumference, calculate the self induc- 
tance of it. 


Half the toroid is shown 



in Fig. 9.54. We know that the 

magntic field B inside a toroid, if 
current i flows through it, is 

B—^jl^ NijlTzr. 

The flux through the rectan- 
gular area (strip of width dr) is 


Jo = B{bdr) = 


fA.^Nib 

2k 



Total flux 
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Total flux linked with N turns=yV<I) 


log. «« 


a 


But from the definition of self inductance flux=L/ 

2TC- 

Example 15. Calculate the mutual inductance between two plane 


Self inductance L of the toroid = log« ( 1 + 


coaxial coils placed at a distance d apart. 


Let us consider two coils P and Q of radii a and b and total 
number of turns «] and respectively. 

If the centres are at a distance d apart, 
where d’^a, b. The magnetic field at 
the centre of O due to a current / in 
coil P is 

B ^i^Qa^np 2d^, 

As d^a, b, hence the field can 
be assumed uniform. 

/. Total flux through coil Q^n^B . itZ)® 

=fiQT^a^b^n^ntil2d^, 

Thus the mutual inductance ' t = Q>li= fi^iza^b-nin. 2d^. 

Example 16. A straight soleniod has 50 turns per cm in the 
primary and 200 turns in the secondary. The area of cross-section of 
the solenoid is 4 cm^. Calculate the mutual inductance. 

The magnetic field at any point inside the straight solenoid of 
primary with m turns per unit length carrying a current /, is given by 
the relation 




I 

-I 


Fiq OSS 


The magnetic flux through the secondary of turns each of 
area A is given as 

<l>^lx^nfinzA. 

If M is the mutual inductance of the solenoid, then 

M=fXon^niA. 

In the present problem, fx=4T^X 10“’ henry//w, 

«i=59 turns cm = 5000 turns m, 

na = 200 turns 
A —4 cm^=4 X 10"^ m^. 

A/ = 4:rX 10~’ X 5000 X 200 X 4x lO-^ 

=5.024 X 10“^ henry. 

Example 17. Calculate the force between two coaxial solenoids 

currents, one of which extends a part of it within the 
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.nH tJn solenoids are long 

flow in the same direction, «. and n, are the numbers of turS^ S! 

meter on the two solenoids, / is the length of the I in the 2 and i 
their cross sectional area, then ^ 

The mutual inductance M===(nJ)^^ji.,==(nJ)o^^n\ 

S and Oi 2 = ((U,-./Zjf,) 5 ; 
hence and 

^~hh 

The force is axial and is attractive, since M increases with /. 

Example 18. What will happen to the above proble 
fluxes are kept constant instead of currents. 

We know that the magnetic energy is given bv 

_ i 0B 


if the 


dt 


^0 


dt 


d- 


or 


1 


To + -t+B,{dB^) Sl^B^{dB,) SI 


+ B,B, Sdl] 

= [(BiliS-\-BtSl) dB, + (BJ,S+BiSl) dBt + B,BjSdl] ■■■(i) 

r'O 

Since the total flux linkage for solenoid 1 is a constant, i.e., 
B^niS-r BjUiillli) S— const. 

or dB^ + dB: -,-+B,~dl^0. ... (//) 

'1 M 

Similarly for the second solenoid we have 

dB2-hdBi + y— f//“0. (///) 

h h 

Solving these Eqs. we get 

dB,^- (lB-lMIA-l‘y^ dt ...(iv) 

and dB^=UB,-liBi)(liU-r-)-^ dl (v) 

Substituting the values of dBi and dB.^ in Eq. {i) we get 

dW^= — B^B, S dl, 

Mo 

and the axial force F=^'bWm’'bl^BiB^S!^^^. 

Example 19. A current i is passing in opposite directions iti the 
inner and outer c axial cylinders. Inner is solid of radius a and the 
'outer hollow with inner and outer radii bade respectiveh. Calcu^ 
late the magnetic energy per unit length in the different regions. 
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In the region of the inner cylinder, let us apply circuital law to 
a path of radius p. Thus \vc get 

/. Magnetic energy per unit length inside the inner cylinder 

% 


and 


2^- Jo \ 2-r(r ' i^:; 

In the region between t‘,.o c\iindcis B {j-Jf^rro 

2/^y J^7 ' 2'i: / ^rK 


In the region of the outer c'.'hnder, t''.e current v.ith in a cir- 
cular path ot radius & is that in tl.e centre conductor / rnir.as the 
current lying in the outer cond.uelor between the radii h and p. 


2rp L \ c'- - b- 


2'P c--b- 


an d 


^^3= > 


/' Ato' \-( C~-9- y-^ 

J/, l2:rp-U7^-^ 


4k L 


(c^ -b^) 


,r log 


e 


30=^ b- “] 

4(c“ b^) J 


In the fourth region, outside the cylinders, ^=0 and W ^0 
the self inductance per unit length * 




i 


[ sV 


1 


+ y loga— d- 

It: ° a 2: 


!=[■(? 


b^) 


ITT log' 


}] 


The second term is most important and is the inductance 
associated in annular region between the conductors. 

Example 20. Explain the reason of designing transfonrers with 
laminated insulated slabs of metals imtead of a solid metal Pravp 
It mathematically, * 

Whenever a conductor is placed in the varying magnetic field 
induced currents arc set up. Tne^e result in heating and energy loss’ 
The losses for laminated slabs are smaller than the single solid metal' 
It IS the reason of designing transformers with laminated cores. 

Let us consider a block of sides aXa and thickness t. We shall 
nnd the eddy current losses in this case and will compare with tht- 
losses in a block divided into four insulated parts of sides iaxla 
To solve this problem, consider the block broken into a set of thin 

square paths. If 2.x be the length of the side, then the total leneth 
*—Qx. The area enclosed is ® 
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If B is directed into the face of the block and dBjdt (=A) 
is uniform over the block. The induced emf ^ around the 

path=(f/5/rfr) (2.r)^ The average induced electric field E along the 


path= 


& 4/cx2 ^ 1 


kx. 


% • 


/ 8x 2 

Power dissipation due 
to this current 

dP=Vi—Eli=EldAj=aE^(h 


or 


P= \ aE^d- 


kx ] t Sxdx 


= atk'^a^l2. 

If the block was divided 
into quarters, the power dissipa- 
tion 


P = 4 


■m 



T 


It is one fourth the energy dissipation in the solid block. 
Hence the transformers with the laminated cores are best than the 
solid blocks under eddy current effects. 


Example 21. In a circuit, a resistor of 10 mega ohms, a 
capacitor of 0.2 yif and a battery of emf 20 volts are connected m 
series. Calculate the {a) rate of growth of charge, {b) energy stored 
by the capacitor, (c) heat appeared in the resistor and {d) the energy 

delivered by the battery after 2 seconds. 

(a) Growth of charge in the circuit is given by the relation 

g=go ( 1 — 

Rate of growth of charge • 


But the maximum value q„—SiC coulomb. 

dq __ Sc —tiCR=^ e~‘‘^^ 
dt CR R 

= 7.4 X lO""^ C/sec. 


(b) Energy stored by the capacitor at any instant t 

_ = ^jL( V 

“ 2C" 2C V } 
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Rate at which the energy is being stored by the capacitor 

(c) Heat energy dH produced in the resistor of resistance R 
when a current / passes through it for time dt is /- Rdt. 

Rate of heat produced dH dt — H R — (dqdf)- R 

= 5.5x 10'** watt. 

(d) Energy delivered by the battery dU—^I dt, 

/, dUdt = Q I^^(dq;dO=l4.Sx\0-^ watt. 

Example 22. A resistor R and a 2y.F capacitor in series are 
connected at a 200 volts direct supply. Across the capacitor is a neon 
bulb that strikes at 120 volts. Calculate the value of R to make the 
bulb strike 5 sec after the switch has been closed. 

In the case of a charging of a condenser connected with^ a 
resistance R in series, the charge at any instant / is given by 

q=qo 

As q=CV, hence the potential difference at this instant t will be 

V=Va 

In our problem, I'=120 volts, Ko=200 volts, r=5 sec and 

C=2X10-*/. 

120=200 [1 -exp. (-5/2 XlO * 2?)] 
e2.5xioe/jj^2.5 or 2.5X10®/J?log, 2.5 

2.5x 10® 

2 3026 x0 ~4 ^^Sohms. 

^ample 23. A coil of resistance 20 O. and inductance 0.5 
henry is^ switched to direct current 200 volt supply. Calculate the 
rate of increase of current (/) at the instant of closing the sw itch and 
(ii) at t=LIR sec after the switch is closed. Also find the value of the 
steady current in the circuit. 

During the growth in R-L circuit, the current at any instant is 
given by 


i^io (1— e 
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Hence at 

at 


-=/„ A =-^ 

^=0> ^7 ” "oT amp/sec. 

^=A <S 1 _ 200 

L ' e 0.5x2.718 


= 147.2 amp/sec. 

The steady value of current in the circuit 

/o=S/^=200/20=10 amp. 


Example 24. A 5 henry inductor is placed in series with a 
10 resistor, an enif of 5 volts being suddenly applied to the combina- 
tion. Using these values prove the principle of conservation of energy, 
for time equal to the time constant. 


At any instant t, current in L-R circuit is given as 

/=/o (1-e-WL ) (1-^-^'/^). 

At the time / = time constant LjR, we get 

'“T lo( ' “ 2.718 ) = ^“P- 


The rate at which the energy is delivered by the battery is 
Pb = S/ = 5x0.316=1.58 watts 

At this time some energy will appear as Joule heat in the 
resistor, given by 

i>j=/*7? = (0.316)^X 10=0.998 watt. 

Part of the energy is stored in magnetic field, linked with the 
inductor. It is given by the relation 

Pm=Li {dildt). 

As e— =-^- . therefore 

ut L ^ 




Si _ 5x0.316 
e 2.718 


=0.581 watt. 


/. PJ+P^ = 0.998+0.581 = 1.58 = -Pb. 


It is same as required by the principle of conservation of energy. 

Example 25. If a battery, of emf 100 volts, is connected in 
series with an inductance of 10 mH, a capacitor of 0.05 and a 
resistance of 100 Q. find (/) the frequency of the oscillatory current, 
(ii) the logarithmic decrement and {Hi) the final capacitor charge. 
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R* 


100 ’ 


and 


4L* 4x(l0-*)’ 


1 


=2.5X10’ 


1 __^ 

LC 10"’ X 0.05x10 


za-=2XlO» 


As in this problem R^IAL^<\ILC, hence the charging of the 
capacitor is oscillatory. The frequency of oscillation 

^ 2n J\ LC 4L* ) 

= , \ V(2x 10»-2.5X 10’) 

2x3.14 

= 7076.6 cycles/sec. 

RT __ 100 

The logarithmic decrement = 2 ^ " 2X 10"’'x7076 6 

=0.707. 

The final capacitor charge 9o=SC=100x0.05X 10“* = 5^C. 

Example 26. In any leakage experiment a capacitor of capa- 
citance hyfwas first charged to a suitable potential and discharged at 
once, the throw was 10 cm. The capacity was again charged and 
was short-circuited with a resistor R for 20 sec and the throw was 
7.5 cm when was discharged through a ballistic galvanometer. 
Calculate the resistance of the resistor. 

In the first part of the experiment, the throw do was due to a 
full charge qo, thus 

qo==Sc^K9=Kdo. 

If the charge qo reduces to q due to the leakage through resis- 
tance R, then 

q=qoe-‘:^^ ==Kd or KdoC-'!^^ =Kd 
^ t _ t 

C log, (t/oWT 2.3026 C log.o KW) 

20 

2.3026 x 10'® X login (10/7.5) 

=68.5X10® ohra=68.5 megohm. 


Oral Questions 

1. A Cu-ring lies on a table with 
magnet with its south pole in the lower 
side is dropped vertically through the 
hole, describe the current in the ring. 

2. A current carrying solenoid 
is moved toward a conducting loop as 
shown in Fig. 9.57. As viewed from 
the solenoid, what will be the direction 
•of the induced current in the loop? 


a hole through its centre. If a ba 



Fig. 9.57. 
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3. Why is the induced emf much larger when the switch is opened 
in a circuit consisting inductance and battery than when it is suddenly closed. 

4. Describe the motion of a bar magnet which is dropped lengthwise 
(vertically down) in a very long C«-pipe. 

5. A loop is placed vertically in the gap between pole pieces of an 
electromagnet. What is the direction of induced current in it if pulled out 
vertically ? 

6. The two ends of the coil of a ballistic galvanometer are generally 
connected together to stop swinging at once. Explain the reason. 

7. A Cw-ring and a wooden ring of the same dimensions are placed 
in the same re. ion of varying magnetic field. Compare the induced emf’s, 

8. Why do you use, first quarter of a cycle of alternating magnetic 
field in the betatron ? 

9. Explain the force experienced while pulling in or out the metallic 
sheet placed in a magnetic field. 

10. Explain how the dynamo can be used as a motor ? 

1 1. How the motor is used as a brake in tram-cars ? 

12. In a L’R circuit, can the induced emf across the coil of self 
inductance L ever be larger than the battery emf? 

Problems 

1. The magnetic field inside a certain long solenoid is given by 

5=0.20 sin (300 /) tesla. A coil of 100 turns of 2.0 cm^ area is placed inside 
the solenoid. Find the induced emf in it when its axis makes angles 30® and 
90° with the solenoid axis. [—1.04 cos 300 /, 0\ 

2. How many volts are generated in a wire 12 cm long which cuts 
directly across a flux whose intensity is 1.4 tesla, if it moves at a speed of 

2 meters/sec ? [0.336 volts] 

3. What is the maximum electromotive force induced in a coil of 

4000 turns and average radius 12 cm rotating at 30 revolutions per sec in the 
earth’s magnetic field of intensity 0.5 x 10"* web/m®. [0.27 weber] 

4. A closed coil of 50 turns of 300 cm- area and of resistance 40 Q is 
held at right angles to a uniform field of 2x 10’® tesla. Find the charge 

induced in the coil, when turned through an angle 30* about the axis _L to the 

field. [I0~^ coulomb] 

5 If a rectangular loop of area 400 cm®, R=^2P is rotating with 
angular velocity 10 rad sec'^, (a) about the x-axis, {b) about r-axis, or 

(c> about an edge parallel to theyaxis. What is the maximum induced emf 
in each case, if the magnetic field 5=0.5 wb/cm® is along x-axis. 

[0, 0.2 V. 0.2 n 

6. The flux density at all points within a circular portion equals to 
0.5 wb/m® and ' ccreasing at the rate of 0. 1 wb/m®-sec. Ifa ring of radius 
10 cm and resistance 2i? is placed in this field in such a way th\t the flux 

is _L *o the plane of the ring. Calculate the (a) magnitude and direction 
of the induced electric field at any point of the ring, {b) induced 
and (c) current in the ring. [Clockwise 0.003 Vim, 3,14 mV* 1.57 m^) 
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7. Two conducting loops face each other a distance d apart. An 
observer sights along their common axis. If a clockwise current is suddenly 
established in the larger loop, find the direction of the induced current and 
of the force acting on the smaller loop. 

8. A uniform magnetic field of induction B fills a cylindrical volume 

of radius R. A metal rod of length / is placed as it is parallel to ihe upper 
and lower plane surfaces of the cylinder. If the induction is changing at 
the rate show that the emf that is produced between the ends of the 

rod is> 



9. Find the induced electric field E both outside and inside the 

solenoid of n loops per unit length and carrying a varying current ; = ri sin 
2-xft. cos 2nft)lry n^A/i/o/r cos 2T.ft] 

10. When a copper disc of radius 10 cm makes 20 rotations per sec 

with its plane perpendicular to a uniform magnetic field an induced 
emf 3.14 milli volts is generated between the centre and the edge of the disc. 
Calculate the intensity of the magnetic field. [5x /o-a weher m 1 

11. A circular coil of radius 7 cm and number of turns 100 is rotated 
about a diameter perpendicular to a magnetic field of strength 100 gauss 
with 3600 rotations per minute. Find the maximum emf developed. (/ volt) 

12. In a betatron the electron completes 2x 10> rounds around the loop 

■before ejected to produce X-ray. If during this time, rate of change of flux 
;s 400 K, find the energy and speed of ejected electron. [8C^ MeV\ 

13. A circular disc of metal with conductivity a, thickness r, rotates 

about its axis with angular velocity between the pole faces of a magnet 
which produces a uniform magnetic field over a small square area ofsizet;- 

at the average distance r from the axis. If B is J_ to the disc, calculate ihe 

torque acting on the disc. 

14. Calculate the mutual inductance of the coplanar concentric rings 
consisting of ni and nz turns respectively. The radius of the inner ring is ri 

and that of outer ring is rz (ri'^ra). ' 2 r 2 ] 

15. Two coils having 50 and 60 turns form respectively, the primary and* 
secondary of a transformer. In the primary coil, direct current is passed 
which reaches a maximum value of 5 amp in 0.2 sec A magnetic flux 3 x 10*- 
weber is produced in the core passing through both the coils. Calculate the 
mutual inductance and the emf induced in the secondary coil. 

16. A long solenoid is 1.0 m long and 3.0 cm in mean diameter. It has 

five layers of winding of 850 turns each and carries a current of 5 amp. What 
is the magnetic induction Bat its centre? What is the magnetic flux for a 
cross section of the solenoid through its centre. [l.88x 10~^ web] 

17 An inductor L is connected with a battery of emf S and a resis- 
tance B in series. Show that the current after a time / is x(I— x) S/B and 
that if contact be then broken the current after a further time r is xCl— x) 

S/B, where L log, x rB/=0, 


18. If C= 1 {i/and B=1 AfU in a CB circuit, find the time required by 
to attain 50% of its maximum value. What will happen if the switch in 
the circuit also has a small resistance of 10 Q ? 
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9 in -3 a certain inductive coil was found to be 

70 A •, r • [50XW-- henry; 20 ohm,) 

2 a A co,l of resistance /? and inductance i is connected to a battery 

of emf G) volts. In what time the current rises to 99% of its final value ^ 
When will Xh^ pd. across inductance equal to that across resistance ? 

[4.6 LIR, 0.69 LjR] 

i'Ef 

in a contaiJe*?-^ ‘"wh^n an oscillator circuit of low resistance is enclosed 
is 100 kilo evacuated, frequency of the circuit 

SO cvcle Ca ^ with CO. the frequency changes by 

:)0 cycle. Calculate the dielectric constant of the gas. [I.OOI] 

rha capacity 0.1 [x/ and resistance 
charged to a certain potential and then insulated Find 

potential will take to fall to half its original value 

^ difference of 1 volt (dc) is applied to 

and then* l^/'f charged upto a certain voltage 

toOohms ^ induclaiceO.l henry and resistance 

W ofMch'X''’' AI.O 


10 megohms is 
the time the 
[0.693 sec] 

a coil of resis- 
current be in the 


Find the maxi- 
[2.58x10* ohms] 


0,2 


oscillating circuit £=0.20 henry. C-=l 2 nf 
mum value of R so that the circuit may oscillate^ 

i?=100nh.^. damped with L 

A 100 Ohms. What IS the value of C 7 

discharge of a condenser of capacity 2 fx/ in a 
oscillatory* inductance £ = 0.15 /land resistance R^15 o shall be 

4 


henry and 
[SOiif] 


10 

MaxwelVs Equations and 
Electromagnetic fVaves 


10.1. MAXWELL’S EQUATIONS 

^ The basic laws of electricity and magnetism, which we have 
\ discussed in the preceding chapters can be summarized in diffe- 


rential form by the four equations. 

Gauss's law {Electrostatics) V.E=*P/£o» 

Gauss's law (magnetism) V.B=0, •■■(2) 

Ampere's law yxB=/ioj, •••(3) 

Faraday's law of Induction V xE= — 0B/8/. .-.(4) 


These equations are written for fields in vacuum, in the 
presence of electric charge of density p, and electric current of 
density]. These are in macroscopic form and in S I. units. In 
the presence of simple dielectrics, Eq replaced by c in Eq. (1). If 
simple ferromagnetic materials are present, po is replaced by /x m 

the Eq. (3). 

The first equation is equivalent to Coulomb’s law and 
describes the charge and the electric field. The second equation 
describes the magnetic field and shows that it is impossible to 
create an isolated magnetic pole. The third equation describes the 
magnetic field due to current density and shows that the current in 
a conductor sets up a magnetic field near it. The fourth equation 
describes the electric field of a changing magnetic field. It shows 
that a bar magnet moving with respect to a closed loop of wire 

will set up a current in the loop. , . , ^ 

Let us recall that all but Faradays’s law were derived from 
steady-state observations. Maxwell while studying the electro- 
magnetic laws, mentionel above, noticed that there was some 
thing strange about Eq (3). As the divergence of a curl is always 
zero, hence Eq. (3) becomes 

div curl B=div y-Q j=/xo j=0. •••(5) 

Equation of continuity div j+9p/0/=O shows that dpidt must 
thus be zero, i.e,, the total flux of current out of any closed surface 
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thS'th- chl/ic general be zero because we know 

tuat thw charges can be moved from one place to another. 

P''oP°s'd that Eq. (3) was not correct for . 
charges and suggested that for changing charge distributions 

curlB=;uoj-b?. 

eIectriI°fi'eld'^dlfe‘"to°^«°°r’ suggested that similar to the 

cieciric neld due to a changing magnetic field (Faradav’s law of 

eSSid','’"' 


oving 


curl B 


2 

c* 


dE 

dt 


dE 

i?- ...(7) 

units k ‘corresponds to the system of 

units in i /. units. Using this term as missing term, we get 

curl B=^(j j + ^oeo dEjdt, ...(8) 

To check this equation, take divergence of both sides 
div (curl B)=div (Mo j) + divf/io^o dEjdt] 

=Aio div div (oD/9r] 

=Mo(div i + dp/dt). (as div D=p) 

also zeroliv .'^^rice right hand side is zero, which is 

also zero by virtue of the continuity condition. 

curren^dei^fty. (8) the displacement 

in a which combines electric fields and currents 

Jhe nSe^L f'a ‘0.1. A current / enters 

P p ate and leaves the negative plate of a parallel plate con- 

denser. This current can not continue 
long and will become zero when the capa- 
citor becomes fully charged. If q is the 
charge on the plates at any instant t and 
A the plate area, then the electric field in 
the gap 



E 

dE 

dt 


or 


i 


*/ 


=qho^- 

=_L ^ 

s«A dt 

A 

-Jt 




I 


:r 


...(9) 


^ 


Fig, 10 J, 


Hence the current density in the gap 
of the plates 

^VIA^z^dEldt, 
or \eL~Zf4Eldt, 
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Thus the variation of E with time produces an additional 
'Current of current density jd in space, called displacement current 
densitv. In the case of a parallel plate air condenser, the displacement 
current in the space is such as shown by dotted arrows, while con- 
duction current i in the connecting wire and plates is such as shown 
by continuous arrows in the Fig. 10.1. Thus Eq. (8) becomes 


curl j+,xo jd=/io(j+jrf). ...(10) 

The set of equations thus becomes 

V.E=p/eo. ...(11) 

V . B=0. ...(12) 

VXE--0B/0/. ...(13) 

V ^B=ixo[] + ^ndEldt]. ...(14) 


These equations were first stated and used in coherent way by 
Maxwell, and are thus known as Maxwell's equations. These are the 
basis of all electromagnetic phenomena They are also valid for 
nonnomogenous, nonlinear and even nonisotropic media. 

The lack of symmetry in these equations with respect to B and 
E IS entirely due to the presence of electiic charge and conduction 
<^urreDt In empty or free space p and j are zero and Maxwell’s 
equations become V .E=0, V . B=0 , V X B^/xo^o 0E/0/ and 

VxE=-0B/ar. ...(15) 

The last two equations of relations (15) are also of similar type 
except the constants. 



10.2 MAXWELL’S EQUATIONS IN INTEGRAL FORM 

In place of above equations, which are in differential form, let 
us write them in integral form. The integral form of Maxwell’s 
equations is easier to interpret physically and is useful in driving the 
boundary conditions that the field vectors must satisfy 

(1) Maxwell’s first equation V. E=p/£o may also be written as 

...(16) 

where V is any arbitrary volume. 

Applying Gauss’s divergence theorem 




div FdV. 



to the left hand side of Eq. (16), wet get 





442 


Electricity and Magnetism 


i.e,, the outward flux of E throughout any closed surface S is (//eo) times 
the net charge inside the volume enclosed in S, 


(2) The Eq, (12) may be written as 


J^(V .B)dv=0 


where V is any arbitrary volume. On applying Gauss’s divergence 
theorem, (Eq. 17), we get 



B.dS=0. 


...(19) 


i e., the outward flux of magnetic induction vector B throughout any 
closed surface S is zero. 




(3) The Eq. (13) may be written as 


(VXE).JS 


where S is any surface bounded by a curve C. 
Applying Stoke’s theorem 

^ ^ (curl F).dS 
to the left hand side of Eq. (20), we get 


dS, 


...( 20 ) 




m 

S dt 


. dS 



dS. 


...( 21 ) 


Here we have taken out didt from the integral as area and time 
are independent variables. This equation may be stated as : the 
induced e.m. f around curve C is equal to minus the rate of change of 

magnetic flux through the surface enclosed by the curve C. 

« 

(4) Integrating Eq. (14) over on area S bounijed by a curve C 
and then using the Stoke’s theorem, we get 


(VxB).JS=/xo f^(j + co 


or Bdl=fxo I7) ' •••( 22 ) 

i.e., the magnetomotive force around C is equal to the sum of the 
free current and the displacement current linking C. 

The first two equations show that the net flux of lines of E or 
B is zero throughout any arbitrary volume of no source. They show 
that lines of E and B are continuous. The third equation shows that 
the electric field due to the variation of B is not only a statement 
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of Faraday’s law but a property of space independent of the presence 
of a conducting loop of wire. The fourth equation shows the new 
concept of magnetic field generation by displacement current. 

10 3. ELECTROMAGNETIC WAVES 


Before proceeding towards mathematics, let us see the qualita- 
tive features. For this purpose, consider an electric dipole antenna 
attached to an alternating voltage generator When the upper end 
of the antenna is +vely charged, the electric field dose to the 
antenna will be in — ve >**direction as shown in Fig. 10.2. After a 
half cycle the oscillator will have reversed the charges on the ends and 
the electric field at any point P will be in the +ve y-direction. If 
the charge on one end oscillates sinusoi- 
dally as 

q=qQS[n Inft, ...(23) 

then the electric field at point P will be 
given as 

fv=— £'oSin 2 tc / f. .- (24) 

The — ve sign occurs, as electric field 
is in downward when upper end is + ve. 

If the point P is at some large 
distance x from the antenna, one can ex- 
pect the field to lake a time /q ( = x/v) to reach this point. Here v is 
the velocity with which the field travels from the antenna to point F. 
The field at point P will be that existed at the antenna at time t — /o. 
not that at time t. Thus the field at time t at point P is given by 

Ev= — £o sin 2 tc f — — Eq sin [2 tc /( t— x/v)]. ...(25) 



At large distance Eq will vary very slowly with x and is cons- 
tant approximately. Hence at any particular instant, the field along 
the x-axis appears as sinusoidal wave. As successive portions of the 
electric field (or wave) move through point P, the field will oscillate 
sinusoidally up and down in x-y plane, thus giving rise to the alter- 
nating electric field E associated with an electromagnetic wave. 


The oscillating charges constitute a current, which generates a 

magnetic field B. By applying the 
right hand rule, we conclude that 
the magnetic field must circle 
the line joining two ends of the 
antenna and hence ± to the 
Fig. 10.3. plane of Fig. 10 2. Since the 

current in the antenna will be 
oscillatory, hence the magnetic field should also be oscillatory. Thus 
the magnetic wave will move in x-z plane. Electric and magnetic 
fields are shown together in a three dimensional figure (Fig. 10 3). 
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, -.k Equation. Let us consider only the case of plane waves 

with the direction of propagation along the x axis, where the electric 
and magnetic fields are directed transverse to the direction of travel. 

10/1 2 rectangle of infinitesimal size in x;' plane (Fig. 

lU 4 fl)- As the electromagnetic wave passes over it, the magnetic 
flux 0)11 through It will change. It will give rise to induced electric 
fields around the rectangle, which are the electric component of the 
travelling wave. As the wave is moving to the right through the 
rectangle, the flux (fin is decreasing with time. If the rectangle 
IS assumed to be a conducting loop, a counter clockwise induced 
current would appear in it. This current would produce a magnetic 
field within the rectangle, that would oppose the decrease in (Db. 
bince there is no conducting loop, but the net induced electric field 
L acts counter clockwise around the rectangle (E at right edge is 
greater than at the left edge), hence the electric field configuration is 
as induced by the changing magnetic field. 

As E is directed in the +y direction, hence E.dl will be zero 
over the ends of length Ax If we go around the rectangle counter 
clockwise, we get from Maxwell’s Eq. (21) 

j 


df 


(As c/S 


I Ax is along z-direction). Assuming Ey as Evi and £ 1/2 

along paths 1 and 2 respec- 
tively, we have 

(Ey,- Eyi)l==-lAx(dBzldt), 

Since Ax is such a small 
distance, we can assume Ey to 
change linearly with x in this 
region. Thus we can write 

Ey 2 ~Eyi (dEyjdx) A X 
or Ey, — Eyi = (dEyldx) Ax. 



% • 


Fig. 10.4. 

' A,, 


dx 



or 


dEy 

dx 


di 


...( 26 ) 


In evaluating dEyjdx. it is assumed that t is constant, because 

rig. 10,3 IS an instantaneous snap shot. Jn evaluating dBzidt^ it is 

assumed that x is constant because the time rate of change of £ at a 

particular place is required. The minus sign in this equation is 

appropriate, as Ey is increasing with x and Bz is decreasing with 
time t. 


Now consider a rectangle in ;cz plane (Fig. 10.4 6) for which 
flux <De IS decreasing with time as the wave moves through it. This 
change will induce a magnetic field at points around the periphery 
of the rectangle. This induced field is the magnetic component of 
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the electromagnetic wave. As clear from Eq. (22), the closed line 
integral of B around the rectangle, if we proceed in counter clock- 
wise direction, is negative, while it was positive for E. Thus we 
see that the line of induced fields E and B circulate in opposite directions, 
even though fluxes (I)b and De respectively are changing with time m 
the same way. 


Using similar operations for Eq. (22), here too the will be 
zero over the ends of the closed path in .xz plane. Fig. 10.4 (h). 
Hence Eq, (22) with no conduction current becomes 



Assuming Bz as Bzi and B :2 along paths 1 and 2 respective!), 
we have 


(Bzi — B:i) I Ax(dEylct), 


If Bz changes with x linearly with in this small distance 
then we have 



Bzi-{‘{dBzl dx)/\x. 


0 ^ 

dx 


)a-*/=-a‘o«o/A 


dEy 

’^-81 




Differentiating Eq. (26) with respect to x and Eq. (27) with 
respect to t and subtracting, we get 

d^Eyldx^=fXo^o{d*Eyldt^). ...(28) 

Similarly we can get an equation involving Bz only after 

differentiating Eqs. (26) and (27) in opposite order and then 

subtracting, as 

0*fiz/0x*=^oeo id'^BzIdt*'. ..,(29) 

Comparison with the equation for a transverse wave on a string 
shows immediately that Eqs. (28) and (29) represent the differential 
equations that imply wave propagation. The velocity of propagation 
along x-direction is given by 

v=l/(aoeo)‘'*. ...(30) 


Substitution of numerical values po—4n x 10"’ 7^-sec*/C* and 
co=8.85X 10“^* gives v=2.998x 10® m/sec, which is the 

measured velocity of light c. This shows that light may be electro- 
magnetic radiation. 


To show the relationship between the magnitude of the electric 
and magnetic vectors in the wave, let us differentiate Eq. (25) with 
respect to /. This gives 

dEyldt=—Eo2Ti:f cos [27c/(/-x/v)]. ...(31) 

Substituting this value in Eq. (27), we get 
^Bzj^x—p^zQEflnf cos [2 jc/ {t-xjv)]. 
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or 


On integrating with respect to x, we get 

B.^—ftotoEo V sin [Inf (t—xlv)]=fiQs^yEy 
B.=(yo^oV* Ey=Ejc. 

This shows that Ev and Bz are in phase. 


...( 32 ) 


If the vacuum is replaced by matter, all the equations given 
above must be m^fied by u^ng ^ and e for po and cp. In this case 

1/ V i.e., c-*-v and the equation 

c= A/ becomes v=--Am/m, where the subscript m refers to the quanti- 
ties measured in medium. ^ 


Unpolarized plane waves are made up of a superposition of 
polarized plane waves, with the random distribution ofEandBin 
the >’z-plane. The electric and magnetic vectors of each component 

ot these plane waves are perpendicular to each other. 


Transverse Nature of Plane Waves. We now show that for a 

plane wave travelling in the jc-direction the electric and magnetic 

fields vectors are limited in they-z-plane only. Maxwell’s first equation 

tells US that the net flux of E is zero through any arbitrary volume 

consisting zero charge distribution. Since, E does not vary withy 

or 2, hence the net flux through the faces dx dz and Jjc dV is zero. 
Therefore we get 



O"' E.^/S=0. ...(33) 

It is only possible, if does not vary with x. Similarly we 
may prove that Bx does not vary with x. These results show that 
the 'wave has no field component in the direction of travel^ or the E and 
B are transverse to the direction of propagation, 

10.4. THE GENERAL SOLUTION OF MAXWELL’S EQUATIONS 

Maxwell equations may be converted to differential equations 
giving the fields in terms of p and j. The vector potential A is 
introduced in the same way as in the case of a static magnetic field. 

Since divergence of a curl of vector is always zero, hence Maxwell’s 
equation div B=0 shows that we may define B as 

B=curl A. ...(34) 

Maxwell’s equation curl E= — dB/dt may be expressed in terms 
of A, as 

curl E=— •— (curl A)=— curl -|^ 
or curl (E+0A/9O=O, 


...( 35 ) 


Maxwell's Equations and Electromagnetic Waves 


447 


Here we have changed the order of dilTerentiation as time ans 
apace coordinates are independent variables. This equation showd 
that E+0A/S/ is a vector whose curl is zero. Therefore it may 
be put in the form of the gradient of a scalar function, as 

E+0A/0r=-grad or E=-grad ...(36) 


We have thus jolvcd two of Maxwell’s equations. Now we 
return to the two remaining Maxwell equations which will give us 
relations between the potentials and the sources p and j. 

Putting E= — V'A— 0A/0/ into V-E=p/€o, we get 






± 

So 


or 


+ (div A) 


P 


0 


...(37) 


Similarly equation V X B=^o [j + ^o (^£/a/)] becomes 


or 


Vx(VXA)=^o [j + ^o |^(-V^6- 

V (V.A)- V*A=/xi,j— /xo^oV^ 


0A 


Zt 



0^ 

It 


0*/ 


or 


V72A - 3*A 

o/* 


j+grad div ...(38) 


The equations (37) and (38) are mixed, each equation consists 
both ^ and A. Lorentz found a more general condition for making 
the equations separable, namely div A+/(io«o 0^/0t=O. Above 
equations then become 

dH 

W -Mo^o ^.,-= - p/eq ...(39) 


at 


and 


V7JA 

V>A-/xo"o y^r 


“Mo J. 


...(40) 


To find solution of these equations let us consider an equation 


, . 1 0*0 

z, f). 


...(41) 


The theory of differential equations gives its solution as 


^ {x, y, z, ()= 



fix\y\ z\ t±rlc ) 
V r 



where dV — dx dy dz and r~ \ r r' | . This equation shows that 
for time argument with negative sign, 0 at the point of x, y, z at time 
t depends on the value of/ at other point x', y\ 2 ' at an earlier time 
t — flc. This time lag r^c is the time taken by a signal to travel 
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from X z to X, y^ z. The solution of (47) is called the retarded 
SQluMn, Corresponding to the plus sign, the value of ^ at time 
t IS determined by the values of / at other points of space at some 
later time ^+r/c and the solution is called i\io advanced solution. 
Using equation (40), the components of vector potential A may be 
obtamed by substituting corresponding components of i for the 
value of/. To find ^,/ must be replaced by p e© 

Generation of Electromagnetic Waves. simple st radiators 

^l^cXc^st auc waves are the Herjz _Oscillator audcurrent carrying 
00 ^ The formef_co5sistsof th^ two meTaT spheres joined by a 
co Q d uc tpr. irequft^a^nd*^^po,Si^^ ar^-given to these spheres, 
ciarge v^ill ^jex enaDge oe tween Uie spheres periodically and an 
® ^ ^ ’ * * 2CTor_^Xi:£ni--4aa[^^ i n the conductor joining these spheres. 

I he resist^ice_^f th_e. jyTdu ctor is kept small otherwise damp- 
'^flJJ_J3ffect__these os^^ This system will work as an 

electnc^jpole^witha^moment p varying with time for the distaaces 

much greater thenThe'^sTHnee between the spheres. If the dipole 

moment of the linear oscillator varies as p~Pq and the magnetic 
moment of the current loop varies as A/=A/o cos wt, then for Afo 
— cpo» the electric and magnetic fields of a dipole are equal to the 
nelds of a current carrying loop. The only difference is of the direc- 
tions. For a dipole the electric field is directed along the meridians 
and for a loop it is perpendicular to the meridianal planes. The 
orientation of the magnetic induction differs in a similar manner. 


10.5. POYNTING VECTOR 

The propagation of electric and magnetic fields through space 
implies the energy transmission, fhe ra l£-jo f energy trans mission 

direction of propagation of energy 
IS represented by STVSe poynttng-vector. Let us consider ^T elemectary 
volifm^iJx dp'dz. If the electromagnetic energy within this volume be 
U, then the rate of change of this energy is 

dU/dt=jS.d\, ...( 43 ) 

Here we have used dA for surface area instead of dS to avoid 

confusion with S. The integral of S is taken 
over the surface surrounding the volume. 
The negative sign on the right hand side of 
the equation shows that the energy is entering 
the volume. 

Let us consider a parallelopiped with 
sides dx, dy, and dz thus of volume dx dy dz^ 
If electromagnetic wave is passing in the x- 
direction, the energy flow must be in the x- 
direction into and out of the volume through 
the dy dz faces only. In this case 

S.JA= dAg—{Sx dy dz)x\dx — {S^dxdz^.x 

=[{Sx)x+ic-{Sx)x] dy dz={dSxldx) dxJyJz 



r 


r 
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Since the energy flow is due to Ey and Bz hence 

relation for energy in the volume as 

£()£’!/* -fj dxdydz 

+Mo'^ Bz J dxdydz. 
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we have the 


W 

dt '' 


Using relations (26) and (27), we have 


dU 
dt '' 


M i- (E, B.) dxdydz 


1 


0 

{Ey Bz) dxdydz dxdydz 


or 


Mo dx 

Mo 


dx 


Integration with respect to x gives 
For the general case it can be written as 

^ B)/^o joules/sec-w*=watt/»! 2 . 


...(44) 


to thr^a?e°contaming ErndT °LThis% u^^on'i- Tnd^^ h " 
ancons values. In .he case of sinusoidally ,a4ing‘'lif,dt we 


Sav=— EeffX Be/f=~ V -5^ 

Mo \/2 ^\/2 


— (EoXBo)/2 {jzQ. 


...(45> 


.he lawT/c'irr.ir tf^r.yThS'K?""'; “r- 

ewnse of .he energy of .be fields, fince IberSre " o' "« 

unit volume in unit time as ^ ^ evolved im 

e/F=J.E=AE2=y2/A. 

Hence for a volume V enclosed by a surface A, we have 


lEuTK. 


Substituting the value of j from Eq. (14), 


we get 


^ ® - ^0 ^ ]. E cf F. 
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f • 


and E^Uf, £? c^e: * 


Mo 


We know the self-evident equalities 


[ * r j 


E . 


and B . 


aE 1 0 


di 

SB 

dt 




2 dt 

11 

2 dt 

, eE 


(E. E) 
(B . B)= 


2 dt 


(^*) 


Y It- 


9^ Vo 0/ J 


dV 


-j^di. (EXB)dE_ (EXE) dA-| S.dA 
Hence Eq, (46) reduces to 

® ^ • •••(47) 


-I 


S.</A 


...(47) 


10.6 


'C-2 


REFLECTION AND REFRACTION OF EIFCTRO 
MAGNETIC WAVES ELECIKO 

Consider a plane surface dividing a space into two regions, 1 

j and 2, with different dielectric con- 

V K slants. If a plane wave with wave 

\ ^ vector k and frequency w is inci- 

\ dent on this surface from the side 

\ 0i region 1, part of this wave will 

\H0r/^ reflect into region 1 and part will 

^ refract and transmit into region 2. 

V' If the refracted and reflected waves 
Va* Iiave wave vectors k' and k" res- 

sA pectively, then the electric field for 

\ ' the three waves are 




Fig. 10.6, 
E' (r, r)=£'.' 


E (r, /)=£■„ 

{Incident ’wave') 

E' fr, 

{Refracted wave) 
{Reflected wave) 
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reflection **and refractio/'^^eruru^e^ th* ‘=*’ange under 

boundary of two media. ^ ^ remain continuous at the 

E,t /"'''"k'-r) 

have equation with respe^^ to/, we 

/a;£o,e ^-/k'.r io^'t 

€ 

Substituting the value nf P" r r- •••(49) 

solving, we have (48) in Eq. (49) and 

4 

iFo* / /\ iojt — /k' r • / 

f _i£,„ . 

Mi, r" all value, of ,, which i, p„„ib,o 


co = aj . 


the c (’y eliminating E'oi from Ea 

the same argument, we have ^ 


(48) and (49) and with 


a> = Cij 
CO = Oj' = CO 


ff 


...(51) 

same Jll^Z ‘u's^wike XetoundtTcIndUiof “■* 

wbc. o, i and c are ind.p.nden. of r. Using ,he vector re'iar'S 


ae 


r.Ve 


\ -ik.r 


= -/(k.r) 

Eq. (52) now may be written as 
(k.r)e"“‘-' -it (k'.r) e 


= - ic (k'.r) e 

‘we have^'‘'‘“‘'“® of ^ from eq. (52) in 


.r 
...(53) 

eq. (53), 


'a[(k.r)-(k' .r)]e 


-ik . r 


=ib [k'.r)-(k”.r)]e~'*‘'-'' 
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This is valid for all vectors r lying in the boundary plane, which* 
is possible only if 

k . r=k' . r. 

“/k" r 

Similarly, by eliminating b e ' from equations (52) and 
(53) and with the same argument, we have 

k . r=k' - r. 

k. r=k' . r=k' . r. ...(54) 




It follows that k, k' and k"' are coplanar. 

To find the relationship between the Angles. Let us take the xy 
plane as the plane of incident, reflected and refracted rays The 
j^-axis lies along the boundary and the x-axis is perpendicular to it. 
If we choose the origin at some point on the negative j?-axis, the 
direction of r will be along the positive j-axis. Therefore Eq. (54)’ 
may be written as 

kr cos 6==k'r cos 6*~k’^r cos O'*. ...(55j 

The wave numbers A:, k* and k" may be written in terms of 
velocities of the incident, refracted and reflected waves respectively 
as 

k—atlv^ k'=(i}* lv'=(i)lv\ = = 


sa 


Since the incident and reflected waves 
e medium, we may write 

-v'" and k=k". 


are propagated in the 




This alongwith Eq. (55) gives 


Hence 


cos 0=cos 6" or 0=6" 

et=$r. 


..(56) 


i.e. The angle of incident is equal to the angle of reflection 


Eq. (55) 


ay also be written as 
(l/y) cos 0=(I/y') cos 6'. 


Since cos 0=sin di and cos 0'=sin 0(, hence we may write this 
relation as 

sin 6i/sin 6t==vlv\ ...(57^ 

If«andrt'be the refractive indices of the first and second 
media respectively, then we have 

sin 6<_ V _n' _ (58) 

$m (it V n 

i e , the ratio of the sine of the angle of incident to the sine of the 
angle of ref raction is equal to the ratio of the refractive index of the 
second medium with respect to the first. This is called Snell's law. 
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iJormaTiDddMMo?wave?o"nth? bound? ‘he case of 

the incident „a.e and" IS ^ 

the incident wave, we thus have ' Pl»»e. For 

Fv-£. 

For the refracted waves these vectors may be written as 
£ V.£'. /wr-i'v)^ 

^nd E.' B'x=B',=0. 

may bISSt,S"Il:oS‘u^At 

uegatSv'e’ JS'r II,“ir 

perpeSdicular vMoVhence tS thTreS 

SeX hiii‘is: 

(for which B is reversed) are 

E" v^E" ~ gK^t+k’x), 
e\=e\=o 

and JS'.==(e,^, )!/*£'„ g iio)t+k'’x), 

5’v=0. 

£ ar?h"f S, 'ZT“' H®""’”"" “/ 

origin), we get boundary (say the 



Fig. 10 . 7 . 


B’x 


Eo+E’o=E'o 


and (ej^i)>/> e'o. 

Solving these equations, we get 


...(59) 

...(60) 


E"o 


and 


£•' 0 =, r 


(Reflected wave) 
(Refracted wave) 


For dielectrics, Mi=u 2 =wn. If r? /r m/s 
tions become then above reJa- 


_ 1 -riii 
1 +'^1* 


£■„ ^-ortr- „„ 


2 _ 
l+^ii 


...( 61 ) 
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This pair of equations is known as FresneVs equations for 

plane polarized waves, herewith the plane of polarization normal to 
the plane of incidence. 


The intensity of the 
of the Poynting vector. 


wave is described by the absolute 


tl 


agnitude 



Since E 
vectors 


and B vary har 


II 


onically, 



II 


ean values of these 


<£’a>=£o2<cos Eo^ and ...(63) 

Sav^l ...( 6 ^) 

The mean intensities per period for the incident, refracted and 
reflected waves are 



These equations are also called FresneVs formulae. 


Coefficient of 


refraction= 



4^12 


Coefficient of reflections-^ ={ 1 

So V 1+«12 / 

Relations (65) to (67) show that 


...(65) 

...( 66 ) 

...(67) 

...( 68 ) 

...(69) 


5’o=5''o+5'’<,, ...(70) 

/.e., the conservation of energy is satisfied in the process of reflection 
and refraction at a boundary separating dielectrics. 


10.7. ELECTROMAGNETIC CAVITIES 

In the oscillating mass- spring system the AIT. is stored in the 

moving mass and the P.E, is in the spring, thus the wo forms of 

energy appear in separate parts of the system. These are not separated 

in a mechanical oscillating systems, ^.g., acoustic cavity resonator 

but are present throughout the volume of the cavity. 

Such a cavity is called the oscillating system with distributed 

elements, while the spring-mass system is called the system with 
lumped elements. 
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the two kinds of energy are s\*ored^?n™rrff elements, as 

this case. In modern®prmi?e the 

replaces the lumped parameter LC rec ^ cavity resonator 

buted electromagLtic^Scillator A ^ distri- 

electromagnetic resonator, when a system as an 

magnetic fields such as a maenetron k seTn^ e'^ctric and 

can be sustained within the enclosure with ^ oscillations 

of power, the power, required o compen^ expenditure 

cavity walls. The resonant frequSs ‘^e 

acoustic frequencies in the cavities^ofthrsa me higher than the 

w-2ny=2>t:)/A=2TO/2/=7it'//. 

rre,„e?c;'ES“ SS ^ 

and for a number of other applications. ^ ^ ^avemeters 

are ma^^pV.l™ '• wal„ 

nected to a source of electromagnetic radia tr'^'^tK <^ 0 "- 

hole in its side wall, the electric and magnetic 1 nes ifT®*" ^ 
up m the cavity. These vary with time. ^ The set 

horizontal lines originating on positive charo#^ 
cylinder and terminating on negative charees 

any point in the cavity the enen.v cf ^ At 

electric field is iS The maanetieeni the 

cylinder axis. It is maximum when the electr^ field^^ 
any point in the cavity the energy stored in th^ 

Thus the^^energj is shuttleTr/l!" 
between the electric and magnetic fields as irthe / r . 

i. 1. sssrtt '‘’™' -»»“ o"^ "n's 

w-1.19c/a. (cavity Of radius a) ^ ( 72 ) 

or rh.pfofSSj,'*'' on thn gaorn,,,. 


10 8 - transmission lines 


“,*!■ f'Ouanay alaatro- 
It consists of more uniform and parallel (onra«„n), 

.ccon, of several common forms oKlSTeTarc"',nS°- 
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O O 

(<>) 



Fig. 10.8. 



^ coaxial cable. If a potential difference is applied 
suddenly between the central and the outer conductors of the cable, 
it does not appear instantaneously all along the line but propagate, 
with a finite speed. For resistanceless line this speed is exactly 
equal to c, the velocity of light. At a distance / along the line, the 
potential difference rises suddenly at a time given by /=//c from zero 
to the emf applied. At any instant the signal has not yet 

reached points where x>cri. If a sinusoidal output of an electro- 
magnetic oscillator is applied the sinusoidal wave will be propagated. 
If the oscillator frequency is 50 cycles/sec, the wavelength of the 
wave propagated will be 


A=3 X 10750=6 X 10® meters. 

It is very high. Frequencies in the radio or the microwave 
range are much higher and the wavelengths are smaller. 

We deal with lumped elements if the wavelength is much 
larger than the dimensions of the system and with distributed elements 
otherwise. Therefore a transmission line 60 meters long will be a 
lumped system for electromagnetic radiation at 50 cycles/sec 
(A=6xl0®m) but a distributed system at 10® cycles/sec (A=3m)* 
In a lumped system the analysis is carried out in terms of parameters 
E, C and R. In a distributed system the analysis is carried out in 
terms of the fields. 


The distributed parameters of a transmission line arc : 

(1) Distributed resistance. The wires of a transmission line 
are of some conducting material, hence have resistance. It is 
distributed uniformly along their entire lengths. 


(2) Distributed inductance. The magnetic field developed about 
the wires of transmission line opposes the change in line current. 
Hence the inductance, which is distributed uniformly along the entire 
length of the wire, is present in series with line resistance. 
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(3) Distributed conductance. 

not perfect, a conduction current 
-will flow between the wires. It is 
■measured in terms of shunt conduc- 
tance. 


(4) Distributed capacitance. 
The two parallel conducting lines are 
separated by a dielectric, hence form 
a capacitor. It shunts the line. 


dielectric between the wires is 



Fig. 10.9. 


Therefore a transmission line is equivalent to a circuit with 
resistances and inductances in series and a conductance and 
capacitances in parallel (Fig. 10.9). 


In the coaxial cable, the current moves along the inner 
conductor in one direction and returns along the outer conductor 
in opposite direction. The space between the inner and outer 
conductors is filled with a dielectric and an electric field acts between 
these conductors. The lines of force of the magnetic field are 
concentric circles with their centres on the axis of the cable. Since 
there is no loss of energy during transmission along it, hence div E 
=0. The direction of motion of the electromagnetic energy remains 
the same if the current in the cable is reversed. 


At high frequencies, the transmission line begins to radiate 
electromagnetic energy and acts as an aerial. At very high frequen- 
cies large losses of energy occur in the insulation of conductors. 
Therefore transmission lines are not suitable for transmitting energy 
at high frequencies (A -centimeter). 

10.9. WAVE GUIDES 

At the high frequencies (A< 10 cm) the losses in a transmission 
line become quite large. It is convenient to use hollow conducting 
tube for the propagation of electromagnetic energy at such frequencies. 
The wave is confined to move in the direction of the tube. Such a 
wave is called a quided wave and the hollow conducting tube as 
waveguide. In the wave guide the wave is altered from a plane 
wave, as is required in order that the electric and magnetic boundary 
conditions at the surface of the conductor be satisfied. There arc 
many different modes (patterns) of electromagnetic waves that can 
satisfy tne boundary conditions and propagate energy down a ^uide. 
There are two most commonly used types : rectangular and circular. 
The geometry and size of a guide allows only one mode of transmis- 
sion for a limited range of frequencies 

We know that electric field must always be perpendicular to the 
surface of a conductor. As the magnetic field is always perpendicular 
to the electric field in e.m. waves, hence must be parallel to the surface 
of the conductor. Therefore the lines of B form closed loops in planes 
parallel to the broad face of the rectangular guide. The electric field 


4 


458 


Electricity and Magnetism 


configuration is similar to that in a polarized plane wave. Lines of 
B and E for wave guide of rectangular cross section are shown in 
Fig. 10.10, (a) IS showing a side view of the lines of E and (6) is 
showing the top view of the lines of B. 



Ch) 


Fig- 10,10. 

‘lie boundary conditions at the 
x-ax? Thftran.^i!.^^ a rectangular guide along the 

DlanS and ^ two xy 

transverse com nnnfr expr.sssions obtained for the 

transverse components in terms of transverse derivatives of the 

dectdc trr o ^ sets-the transverse 

mitterf frequency a> of electromagnetic waves to be trans- 

than ^ 111 ^ 1 ^/ dimensions are such that cu is larger 

freonencv of Q "o for thQ dominant mode. The cut off 

transmission depends on its dimensions and the mode of 

The first is tiip "a ^ wave guide, we consider two kinds of velocity. 

natterns i ona ^ re/ocir.v .p,, the velocity with which the wave 

distance hctw^ ^ guide travel. It is obtained by measuring the 

S which ™ The other is the velocity 

euide This 's carrying signals travel along the 

guide. This is called the group velocity vgr. 

From Maxwell’s equations it can be shown that 


cut off frequency 




2n 


Vl?) 


-f 


nn 

0 


and the cut off wavelength Ac 


/c V(Wc)=+'(/z/Z?)2 


...(73) 


missi^^'^x^ integers which specify the mode of trans- 

with 6 ** connected with the distance a and the second 
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The phase velocity of propagation along the waveguide 
c at the critical frequency, but at higher frequencies 
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axis IS 


Vph 


O) 


(j)-zofxo-~{mu!a)^~(njzlb)* ‘ 


...(74) 


Hence = 


2*^ 


...(75) 


V CO^eofio — (mTzja — (/Jir/Z)*) 

f^r the same for TE mode as those 

tor y A/ mode. Mode of transmission is represented by subscripts w 
and fi, where w IS always taken across wide dimension of the guide 
and « IS taken along narrow dimension. In the TM mode the field 
components are zero for m==n=0. hence the lowest cut off frequency 

r Ilf This particular wave is called mj, wave^ 
in me r£-mode the field components do not vanish if either m or 

are possible 

Smcejr -b, hence the TE,„ wave has a lower cut off frequency than 


Ag — 


2n 


'v/wVc^-fr/o)* 


l-(A/2a)* 


...(76) 


and 


Vph 


V L~(XI la f 


...(77) 


At first glance Vph>c shows a direct contradiction to relativity 
theory. Actually the relativisitic limitation on velocities (ti^c) refers 
to mass or energy transformation, hence we must compare vgr which 
IS always smaller than or equal to c as in general 

tips Vgr^cK _ _(78) 

Above relations also show that the energy cannot be transmitted 
down the guide for A>2fl. 

10.10. ANTENNA 

An electromagnetic transmission line ora waveguide mav h.. 

bev'^^'fc^l’^' the^ergy mTy escape into the spaS 

bey^ The electromagnetic energy radiated into the snace k nf 

the f;^rni. of a travelling elerfr n mag netic wave in free soace The tra 

m.ssum .an4 receptioTZSSWgnetic waves used Tff 

transfn U4wg and re ceiv ing antennas ^ An antenna^4«fn H ^ as 

of a &vstem nf one or— m^irajjnpor device composed 

which vary from a fraction to cpvprai the dimensions of 

ed as aTcj^uiU^hh co^t^r tS' 

and lumped caDacitance of Tn I * Th£_4umped inductance 

circuit ^ SiPacitance of an antenna act as an oscillatory 
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The potential difference between the two conductors terminated 
at the end of a coaxial cable (Fig. 10.11) 

varies sinusoidally as the wave reaches 
them. Its effect is equivalent to that of 
the electric dipole and the antenna may 
thus be treated to be equivalent to an 
oscillating electric dipole. As the poten- 
tial difference varies sinusoidally, hence 
the dipole moment is also sinusoidal. 

The velocities of the charges, the electric dipole moment, the equiva- 
lent current / and the lines of E are shown in Fig. 10.12. The four 
views, one eighth of a cycle apart, shown in this figure show how 
the electric lines of force break away from the dipole and form 



Fig. 10.11. 



Fig. 10.12. 

closed loops. These closed loops travel in free space with speed c. 
The oscillating charges constitute oscillatory currents, which generate 
a magnetic field B. \ he lines of B also form closed loops and move 
away from the dipole with speed c. 

10.11. RADIO WAVE PROPAGAriON 

Radio waves mean that band of electromagnetic energy which 
covers the frequency range from a few Kc/s to a few KMc/s. Propaga- 
tion of radio waves from the transmitting to the receiving antenna 
may take place in one or more of the following wa} s .* 

(1) Ground wave or surface wave propagation. This is of 
practical importance at low frequency broadcasting and can exist 
when the transmitting and receiving antennas are close to the earth 
surface. The curvature of the earth gives an advantage to the surface 
wave for long distance. Surface waves can bend round the curvature 
of the earth just as the electromagnetic waves in a wire can bend 
round its curvature. 
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Surface wave does not mean that most of the wave energy is 
confined to the earth’s surface. Actually a greater part of energy is 
in the air above the surface. But in this particular form of propaga- 
tion, the wave is guided along the earth’s surface and around its 

bends t and curvatures in a manner analogus to that in a guided 

wire wave. 


(2) Space wave propagation. In this type of propagation the 
wave energy travels from transmitting to receiving antenna either 
straight through air (or space) or being reflected at ground. The 
space wave propagation is useful mainly for very high frequencies 
(>30 Mc/s). It is limited by earth’s curvature. 


(3) Sky wave propagation. In this type of propagation the 
wave is reflected back to earth from ionized regions in the upper 
atmosphere (ionosphere). This region starts about 80 kilometers 
above the earth surface. The sky waves are of greater importance 
for very long distance radio communication. These waves are of 

medium and high frequencies (short waves) and are in the freouencv 
range of 2 to 30 Afc/sec. ^ ^ 


Since the propagation of space and surface waves are limited 
by the curvature of the earth, hence are useless for large distances- 
communication. Sky wave propagation is the only way for propaga- 
tion over long distances ( “>1000 km). By multiple reflections of the 

waves with the ionosphere and earth surface, it is possible for a 
wave of appropriate frequency to travel to any distance round the 
earth. The waves are also reflected from different parts of the 
ionized regions and the received signal is the vector sum of all 
components. This ionized region is produced in the upper atmos- 
phere chiefly by ultra violet radiation from the sun. At such a bight 
the pressure of the gas is very low and the ultra violet radiation. 



Fig. 10. IS. Surface waves (/), Space waves (2, i), Sj^p waves (4, 5) 


from the sun is very intense to produce ionization Th^ 
different altitudes differ in their tendency irbecome ilSf^H ^ 

hdg^ts* ‘different densities are formed at dffferen 
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Exercises 


Example 1. 

electric dipole. 


Calculate the retarded potentials for an oscillating 



Fig, 10.14, 


An electric dipole is a system 
of two equal and opposite point 
charges placed at a small distance. 
Its dipole moment 

p=qd=qo , 

where po=^(jd is positive in the 
direction from —q to + q charge. 
As charge q is oscillating periodically, 
hence p is also oscillating. The 
upward current i through the wire 
connecting the both charges is thus 
given as 


i=dqldt=JojqQ 



We know that the potential at a distance r from a point charge 

e.is given by the relation V=QlA^e,r. In this case the potential is 

due to oscillating charges If tne wave propagates in vacuum the 

potential at an instant t at point F will be due to the wave transmits 

at the time As potential is a scalar quantity, hence at point P 

at any instant t due to both the charges 


jo) (r-TB/c) 7'cu(r-rA/c) 
Potential V=~ 


47r€o'’B 


Ant^rA. 


Similarly the vector potential due to oscillatory current i is 

Ajzr 


Example 2. An electric field in free space has the components 
F^=Ey=^{i and Ez~Eq cos (2TtA:/A) cos wt. Find the magnetic field B. 

We know the relation between fields E and B in free space, as 

curl E= — 0B/ar. 


In the given proble 


II 


Ex—Ey^O and Ez-=.Eo cos 



cos O)/ 


curl E= 


• • « 

I j k 

^ a 

dx dy dz 
0 0 Ez 



dy 



dEz 

dx 


» 



Eo sin 



cos cot. 
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♦ • 


dt 


>(j 


or 


B= 



2n 

Aa> 


Eo sin cos ojt 

^ Eo sin j sin wt 

““*(■ 7) 

cJsJr,JZai!zrE III 

As the instantaneous value of the poynting vector at a given 
point in space is “ 

S = — ExB or Sx=^~ E^Bz=~E^^ 

Mo /io jUjC 

For a plane sinusoidal wave, the average value of 5 is 

£’o=[2/ioC 5']i/2=f2x47i:Xl0“’x3xl0®X 25^112! 

* TcX10-«J 

=2.45 X 10® volt/meter. 

Hence the peak value of E 

Ba=Eolc=2A5 X 1073 X 10*=8.16 teslas. 

Example 4. An observer is at a distance 1 meter from a nnmt 
source whose power output is 10^ watts. Calculate the »/” 
magnetic fields as observed by the observer. ectnc and 

As the power is radiated in all directions Henrp 
disunce r from this radiation centre the average value of Poynting 

S =Po/47Tr*=£‘oa/2ftoC 


or 


or 




=tV( 




2n 

= 244.95 volt/meter. 
The relation Eq=cBq gives 


)=i'o\/(5iJ2HIEl£Ei?J 


X 10'-8.16x 10-’ weberM., 

Example 5, Calculate the net avem^e ^ 

through an imaginary cylinder in the vacuum^ if Jace^ 
j>ropagation . // placed along the 


energy 
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Let us consider an imaginary cylinder of length L and of 
cross-sectional area ^ at a distance Xq from the source. If the ampli- 
tude of the electromagnetic wave is constant, the average energy at 
one end is same as at other and hence net outflow is zero. 

If the source emits energy, such that amplitude decreases 

linearly with time, then the value of E 
at any instant t at the source is 

A 

Its value at a distance x from the 
x=Xo+L source will be same as that at the source 
Fig. 10.15. at a previous time t — xjc. 

The net outward energy flow is obtained by evaluating the 

surface integral of S=(EXB)/^f» over the two ends of the cylinder. 
Since the flow of energy is along x-direction hence EXBandAare 
parallel. 

We have thus 

-£.{ l-a( '-t)]’} 

= .„AE^La {(l-a^)+y(^<>+T)}‘ 



Oral Questions. 

1. Why is the quantity eadEldt referred to as a displacement 
current ? 

2. Discuss the symmetries that appear between two groups of two 

w.™ or ..o dbrloc. >,p.. of olo«* 

and magnetic field vibrations. Where the vibration is m time or m space 
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(a) 1 meter, *’^'''"2 wave length 

vector in the”-drreS®^^^^^^ with its electric 

placed W in-^^-Xe and ^ l^op of wire 

perfect® co^^ductor Tr'^somf non zero'X?e wl‘?h 0 ° a 
Of nodes and antmodes. ^ ^o^raal, find the positions 

7. What do you mean by ionosphere ? 


Problems 

prove that unXsuclf llmhadons "lasnetic, then 

V . (EaXBtJ = 0. 

circular p;^,«XXfareaT"sXfhT.h*^ P'®‘« “Pa^i'or of 

resulting displacement cu^n^t aXpoto beL'e^^rUt fs St 

^—ii^ogofail^A) COS wt. 

where r is the distance from the axis of symmetry and charge q^qo Sin cot 
wi.ha^nteSo?^o!’atmXim^“"''^ the earth 

[£’n=1020 volts/m, -0,1=3.4x10^6 web/m^.j 

energy1ien^^;\V'l1n'phaXX7eXl" 

and itf pe'^ak^Tluf^TelXfc'fid^^^^^^ free space 

value of voltage reduced in a I m* lo tnrl^ •0^iP7m. Calculate the peak 

making an angle 30= with the ^-direction an7cZarng°r iXf to^a 

[54,4 nailivolts] 
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11 1. M VGNETIC I^DUCTION AND MAGNETIC MATERIALS 

We know that the electric lines of force change when a dielectric 
is placet.! between the parallel plates of a capacitor, this was explained 
by the simple atomic theory leading to the idea of electric dipoles 
aligned in the dielectric. Let us now see the effect of placing a piece 
of If n in a magnetic held. For this an experimental arrangement, 
known as Rowland Ring^ is used. This consists of a toroidal winding 
with magnetic material, say iron, inside it in the form of a ring. This 
is equivalent to a toroidal solenoid supported on a core of magnetic 
material. Secondary It w turns are connected to a ballistic galvano- 
meter G, as shown in Fig. li.l (a). 


With the space inside the toroid empty, the change in flux is 
cc-n^,n,^nw . observed with the help of ballistic 

, ^ galvanometer by turning off the 

current suddenly. The experi- 
» ^ ment is repeated with matter 

filling the entire toroid, the deflec- 
^ DcDDcc tion is found for the same current. 

^ I girculatory^currents 

L_y^, ^WITHIN CROSS-SECTION magnetic induction B is moditied 

^ OF ON IRON SPECIMEN hy the presence of matter in the 

INSERTED WITHIN toroid. This experiment can be 

THE RING repeated with the core of different 

(b) materials. Few substances, such 

r- It I 

fig, 11. 1 . show a very small increase in flux 

in the interior of the toroidal solenoid and arc said to be paramagne- 
tic. Few other substan es, such as //#. H 2 O, Bi, Cu Zn, Sb, Au, 
etc., show a very small decrease in flux, and arc said to be diamagne- 
tic. There are other substances like Co, etc , through which the 
flux changes to a larger value and are known as ferromagnetic. 


(a) 


A circular cross section of the Rowland ring, when the external 
held is applied, exhibits magnetic effects. This effect can be repre- 
sented by series of minute current loops, where the all current 
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directions are the same [Fig. 11.1. (b)]. The resultant current k 

equivalent to the sum of these mesh currents and eaual tn 

round the boundary of rhe r.ng and i, know a° fte, urtocS 

11.2. THE MAGNETIC DIPOLE CONCEPT OF ATOM 

ro.,.i„lXt5 “ d' tb?rpSbf S r„„T„T“ rfe 'Sr 
con^Sr-^rp;^ Sa,“rr b“ 

.pead r in a oiLlar pa.n of r° diu's'fnrndl SS. ,Tb a IroToS 

aian'len,r!o“,’|.ilcofd,poy'rom^^^^ 

Magnetic Monieat of an Electron The p|pnfrr.« 

vdoci.y . in a crcular pa,h of r.oiu™r in vISTo rcuS.'""’ 

' -=e X freq uency v=e{ml2n) =ey/27tr. 

We have dicussed in art. 8.12 (R\ that th» 
loop is equivalent to a magnetic dipole Hence the carrying 

moment of circulating electron is the magnetic dipole 

m, -circulating current Xarea onoop=(e./2,ir) ^r*=\evr. ...(I) 

This is known as the orbital magnetic moment ne i . 

In ordinary lu np of matter there musf be arSy e ectrons 
round one way as the other and mi can ^ , fctrons going 

evenly over all directions in space. 

magnetic moment 
mil be zero in the absence of an external 
magnetic field. 


7 wicvijiuus euing 

be assumed as distributed 


Let us now see the rffect of an 
external magnetic field of dux density 
B. If the electron of mass me is rotat- 
in » along anticlockwise direction and 
the magnetic field (1 is apnlied J. to the 
plane t)f the orbit in doM/nward direc- 
tion. When the hel J B clianges the flux 





wnentneneiJ « Changes the flux through the circular nrSJ. 

will change and an induced eraf g will thus set up, such thrt ^ * 


But 


- J(D/f//= _„r« dBjdt. 
E.^fl= — 2i:r£, hence 


E=\r (dBldt). 

This electric field will accelerate the electron, hence 

^ J.. er 

dt 


^ dv r? er 
me '~=eE= — 

dt 2 


2me 


dB. 


or dv=^ 
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As r and me are fixed, the net change in v in the process of 
bringing the field upto the final value Bo is 

/\v—€rBiil2me. 

A A vlr—eBol2me. . . .(2> 

This is called the Larmor angular velocity and is written as ojl. 

The increase in velocity means the increase in the upward 
magnetic moment mi. The negatively charged electrons are thus 
decelerated and the magnetic moment is decreased. Therefore from 
Eq. (1), the change in magnetic moment 



The revolving electron also possesses angular momentum T. Its 
magnitude is given by 

L—mevr, 


The magnetic moment of the orbital electron is thus given by 

mi=eLI2me amp. m*. ...(4} 

The ratio milL=el2me is called the orbital gyro-magnetic ratio 
or the orbital magneto-mechanical ratio for the electron. 

From the quantum idea, the orbital angular momentum of the 
electron is expressed as L=nhl2v:, where n is known as quantum 
number. 


mi=nehlAnme—nMiiy •••(5) 

where MB~€hl47zfne=Bohr magneton. 

Above relation shows that the orbital magnetic moment of the 
electron is an integer multiple of Bohr magnetron. 

Orbital angular momentum L, a vector of magnitude mevr^ is 
in the upward direction L to the plane containing vector r and v. 


V 

■v 


Fig. 11.3. 

As the electron is in anticlock-wise motion, hence the current 
will be in clockwise direction. Thus the magnetic moment mi will 
be in downward direction and is given by 

— {ejlme) L. 







.. ( 6 ) 
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Spin Magnttic Moment of an Electron. The electrons not only 
have orbital motion, but rotate about their own axes, thus possess 
angular momentum which is independent of orbital motion. 

This is called intrinsic spin of the electron. The magnetic 
moment associated with this intrinsic angular momentum (or spin 
angular momentum^ is referred to as the spin magnetic moment. As 
the electron has spin .J, O'- angular momentum \{hl2ti), hence the 
spin magnetic moment of electron is ehjAtzme. It shows that 

m,= -(ejmels. ( 7 ) 

It has purely quantum mechanical explanation and thus can 
not he discussed here. 


the magnitude of the spin magnetic moment (ms) is always 
the same, however it alignes with the applied magnetic field of flux 
density B. This orientation ot m, along B is due to the torque 
e=msX B experienced by ms when placed in B. 

In any atom, several electrons are usually present. Each has 
angular momentum and magnetic moment corresponding to both 
orbital and spin motions. ..\s discussed earlier, the direction of the 
mamehc moment is opposite to that of angular momentum. The 

ati > of tu-se two is e 2m ■ for the orbital motion and elnu for the 
apm motion. Therefore for the atom as a whole, we may write 

m=-giei2me)J, (g) 

where y (gyromagneiic ratio) is a factor which is characteristic 

for pure orbital motion and tv.o fora pure spin motion and lies 
^rae where in between these two values for the combined motion 
Heie J is the total angular momentum of the atom. 

■Magnedc Moi ient of a Proton. In the nucleus therp 
neutrons and protons. Many nuclei oossess mapnr>t,r . 

lyt.ically less then atomic moments by a factor of about ?03 (™ue" o 
the inverse dependencj of m on mass) The nrnfnn 'Cliie to 

may move around in some Lind of orbit and have ^ ' intr’insicTpin’ 
iJie proton is posilivelv charged, the maenetiV 

p.™Nd .0 ,ha ar,6al„ n.o„.rn,„L ™ “j" ‘ If""' 

magnetic moment of a proton ° 


m=g (e/2mp) J, 


(9) 


rn^Tog!r;’;h^heT,L°matnS°W^ afom^r'T't 

a nuclear magneton Mn as atomic electrons we define 

^n-=ehiAnm.p=M^{melmv). 

than the Bohr magnetom^ nuclear magneton is 1836 times smaller- 
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classic L We ^ uniformly charged 

Classic sphere, then audits magnetic dipole moment should 

follZ'ins ^ 

loilowing Dirac s reiativistic quantum mechanics, then ^3=2 and its 

maVronT”"'' P™toJ L 2 TO „Sar 

maanallSIllT™'"' “ should not have 

‘7,7?“" ”'‘7 f-aenetic dipole-momenh 

Ltution si^ch th^t Actually the neutron has inner con- 
stitution such that its spin angular momentum The sign of 

sSmukterrhe^r neutron is negative and therefore 

stimulates the rotation of negative charge in the spin direction. 

“ magnetic field. We know that the electrons, 
fhe Itnmc ^ neutrons possess magnetic moments. Naturally most of 
the atoms may have net magnetic moments. If such an atom is 

'fs ®"ergy depends on the orientation of 
relative to the magnetic field (the external 

"^nint ' mg to quantum mechanics, the magnetic moment can 

L ^ r permitted directions. The restriction is called 

t ^ t'^^ory has no explanation for this 

quantization. Since the magnetic moment has a discrete set of 

possible orientations, the energy of the atomic level splits into a 

finite set of energies. In the absence of a magnetic field, all direc- 

lons in space are equivalent and all the states have the same energy. 

In an external magnetic field B, the interaction energy of the 
atom associated with each permitted orientation is given by 


U=-m. 


...( 11 ) 


Since the contribution of neutron and proton to the magnetic 
moment is negligible in comparison to the magnetic moment of the 
electrons. The latter may be written as 


2me 


(gsS+giL), 


...( 12 ) 


where S is the total spin and L the total orbital angular momenta of 
the electrons. 

Since gs—2 and gi=l, therefore we have 


[2S.B+L.B] ...(13) 

The energy shift of a state depends on whether or not S.B and 
L.B are constants of the motion If they are not, the energy shift 
must be deduced as an average value of U, Two limiting cases are of 
special interest : 
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field limit in which the interaction energy of the 

fntJ^arrn^ external field greatly exceeds the internal spin-orbit 
interaction which is proportional to S L. ^ 

I^A interaction with the 

external field is much less than the spin-orbit interaction. 

externarfid/R°°*ff ^'^ection of the 

Sen as ^*' is suflRciently great, then Eq. (13) may be 

...(14) 

This interaction will change the pattern of spectral lines Its 
influence is called the Poschcn- Back effect. 

down^VpT^c®^''^’ ‘r® '"‘eraction energy is not sufficient to break 
wUh the Lld“B^ h’at'"' -I 


and 


^=~gi -r— J. 

2me 


U~-mzB=g} 


2m 


JzB, 


...(15) 


...(16) 


The influence of this weak interaction is called Zeeman effect. 
Since Jz IS a constant of the motion, given by Jz—njliUn, 

given y, the energy splits a level into 2/4-1 equallv soaced 

fore the energy gap between these levels is ^ ^ There- 


{AV)ma»=2gj 


jJi 

2me 275 




..(17) 


where the factor g) may be written as 


gt= 


27* 


...(18) 


quantum 


...( 19 ) 


rdT"eg.r“'“' 

3/( j-i- 1 )4-^fJ4- n - /f/ 4 - n 

27(7+0 

11.3. MAGNETIZATION OF MATTER 

thu, laV” ™H'r SLirenT 'S Sl 
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randomly orientated due to thermal agitation and the magnetic 

moments thus cancel. In some materials the cancellation is complete 
and net magnetic moment is zero. ^ 

When we apply an external magnetic field of the flux density 

o, two processes raa> occur : 

(!) All atoms which have non zero magnetic moment are 
aligned with the applied field due to the torque t. The increase in 
magnetic moment is along B. 

|'2) If (he atom has a zero magnetic moment, the applied 
magneuc field distorts the electron orbit and thus induces magnetic 
moment, i he induced magnetic moment is given by Eq, (3). 

Arr PA m^tenals referred to as diamagnetic, such as Cu, Bi, Zn, 
rig, and Hg. the individual atoms do not have an intrinsic 
magnetic moment. When an externa! magnetic field is applied the 
second process occurs. The induced magnetic moment is thus set- 
p in e direction opposite to B. In this case the magnetic flux 

external' field 

In materials, referred to as paramagnetic, such as. Al, Pt, Cr, 
n... etc. the constituent atoms have intrinsic magnetic moments, and 
me cancellation of magnetic moment vectors is not complete. When 
an external magnetic held is applied, both of the above processes 

occur and the resultant magnetic moment is always in the direction 

o magnetic field B as the first effect predominates over the second. 

Thus we see that the material body can be assumed as a 
VO ume cistribution of magnetic dipoles, if it is acted on by an 
ex ernal magnetic field. If n\ is the average magnetic dipole 
moment per atom or molecule and there are N such effective dipoles 
per unit volume, the f. agnetization is defined as 

M=Ani. 

U is also known as magnetic dipole polarization per unit volume. 

II the dipoles are not aligned parallel lo each other, then M is the 
net magnetic moment per unit volume. It is measured in amperes 
meter and corresponds to the polarization P in the dielectric. 


If the magnetic moment of i^^ atom is m/, we may define the 
magnetization vector tvj as 

_ Limit JLV m 
At -^0 AtI - 


M 


...( 20 ) 


where A t the volume element of the material is made very small from 
the macroscopic point of view, but it contains a Uatistically large 
number of atoms. The quantity M thus becomes a vector point 
function. In the unmagnetized matter, M is zero as a result of 
random orientation of nn. The action of applied magnetic field 
changes the orientation of m<. The degree of magnetization 
depends on this applied field as well as on the material. From this 
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Ser fall into three groups discussed 

is fie'd due to external currents 

the nuc eus ot the atoms of the material and also ilie ^pin of 
' nuclei about their own axes with the help of 

Sh'has a ™dctl meter length 

Which has a unifo-_rn magnetization para!;.-! lo its axis We 

know that such a undorm magnetization means a uniform density 

of arciilatory currents everywhere inside the material 'sSna 

ihecylinoeraMpade Lipoflarcenumbei ofeehsof very sirrll area 

in Ih. I'ri ■‘' ,'i “’’d or.posite to that 

rod f io ^’'1 die surface of the 

roa, hig, , I,., Ouf. to this reason a M/i/ru,,///!’ 

magnetized rod is said to be equoak-m to a Ions 

Solenoid carrying an cdectric current. 

if Ac be ihc net current on the surface of 
rod of aiea ol cross section 5, and mai^ncr.zation 

then tne magnetic moment of the current 

Ac round the periphery will be equai to the sum 
ot the magnetic moments in the cells, / e , 

m— -circulatory current Xarca ot 

loop 

:=^XexS=MS 


y./s 






ihe 




\ I 


1 :«,y?z) 




rrinsi(ic the nicitcr^Hl, tiic iTifir»ri-^fi"''irt '»n ir n • 

derivatives are zero. ; he niaopetizat "^ constant, bO all its 

‘^ii^etizalion is itihomogcnous specially 

,M2 + aMz the jJiscoiitinuity at the boundary. 


r 


r 



■ ■■ 1 

1 — r 

y 

^ i ^ 

*"'-U 

T 

1 



^ 1 



Z' 


(a) 



» g 1 ! 5 (a) i^hovvs, lor simnlicitv, two 
'Hie blocks in w und ;■ plane. If M- is 
Hie component of .\I alone z axis on 
^ ock 1 , then It will be A/,+ A.W. on the 

r f^*®*^*^ ! ''''dl produce a current 

Ji and block 2 will prod jcc a current L, 
m the common surface of the blocks' 
3 herefore the net current 




fig- 11.5 


= - AM,c. 

As l\Mz=^QA'izjcx o, hence 
^v= ~ id A'l J d x] ac, 

Therefore, ^ component of current 
density 7 ^= There will be an 
other term in jy, can be obtained from 



474 


Electricity and Magnetism. 


With z. For this consider two little blocks one 
y _7 Here the currents are assumed in 

^xpresseS as " 


/v — A ll~(Ma:+ /\Afa.)a — M:t:a= AMa:a 




hence 7i/== 


d Mx 
dz 



v-component of current density Jy^dMxjdz. 
Hence the total current density in ^'-direction 



dMz 7 

dz ~dx -(VXM)y 


or 


ie= V XM. 


...( 22 > 


nlPtP effective molecular current due to incom- 

of adjacent current loops in the interior of the 

calculate B by replacing the 
magnetized material by its equivalent currents, >e and jc. 


11.4. AMPERE’S MODEL FOR THE EQUIVALENT CURRENTS 

We know from article 8.15 that the vector potential A due to 
a current loop of magnetic dipole moment m is given by 



mXr 






_ Here r, the distance of the point from the centre of the loop, 
IS large compared to the size of the loop. The contribution of the 

from the magnetic polarization of a material body 
will be obtained by integrating the contribution from each 
elementary dipole element Md-'. Hence 


A (X, y, z)=_ M {x',y’, z')Xgrad' ( ) dr', ...(24) 

where t is the volume of the material body. Using vector identities 
tor scalar function <f> and vector function F as 


and 


curl {<t>V)=4> curl F+grad ^XF 
Jt curl F£/T=fs i\x¥ dS, 


...(.5) 

...(26) 


the integral (24) may be transformed as 



V'XM 



where S' is the surface bounding the volume t'. 
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dIs.,ib«,7oVoTrr:„?s!'w^ •» 


and 


v'xM=Equivalent volume current density j*. 
Mx;/=Equivalent surface current density ^ 


« or }€$ 




...(28) 

magnetization M is constant throughout the bodv 
when M is perpendicular to surface, i.e., ' ^ 


MX/7 = 0. 

tifll equation ^28) gives us an expression for the vector ooten 
lal due to an element of magnetized matter in terms of the 

equivalent current densities je and A.. We are actually interested in 
, not A. To calculate B, we take the curl as 

B=curl A==V XA 


f 

47iLJt' 


V X {\ejr) d 


'■+ L' 


V X (Ae/r) dS 


' ] . ...(29) 


Here the dirTerential operators in the cnrl art r»n tu^ • j 
coordinates. Using the vector identity (25), we get pnmed 


® 47c[fT'r + 

+ (V XAT)d5'+J^,v( X 

Since the curl will operate with respect to unprimed coordi- 

nates (x. z) while the current densities ie and "T^ dAr.*.rx^ 
coordinates (x'.y\z'). Thus the firct ^ 

contribute to B Therefore ^ terms will not 


B=-^®r 

47c! 


r V ( ^ X ... 


(30) 

the magS? inS!irn\^i^o; B "d ^ 
magnetized matter can be computed with the he'lf of sSfa^ce^^ 

volume currTnl d^enIkies”aVS"known'£ bound'’*''^ 

are associated with molecular or atom.V ^ currents. These 

the intrinsic magnetic moment of paSe“ Sh spr”'"‘' 



476 

Electricity and Magnetism 

^ 1 i" P/esence of magnetized matter, the magnetic field is not 

currents which can be 

contribute effectively. ^ j 

n.5. MAGNETIC FIELD INTENSITY H 

th^ Wfien dealing with dielectric substances in an electric field 
effect o?Tlectri?''^T^"^ ^ order to eliminate the 

We know that for steady currents and nonmagnetic materials 


...(31) 


V XB=;ioj* 

u exis:r^^^ ^ which a free current density 
materi-U to a magnetic polarization of the 

be evalnatpH ^ magnetic polarization may 

Thi«i r.irfinf equivalent volume polarization current density j,. 

molpptiin ^ so .tnown as bound current and is associated with 

a the total magnetic 

current Hence currents as well as the bound or equivalent 


curl B — ^0 (jfl+j/)- 


...(32) 


equivalent volume polarization current U is equal to 
the curl of the magnetic dipole polarization M, hence 


curl B=fjio curl M + ^o j/ 


or 


curl (B/fTo— M)=j/. 


...(33) 


vector (B/^o~M) is replaced b',’ a new vector quantil'.' H 
have field intensity or magnetic held strength. Thus we 


,..(34) 

This vector eliminates the necessity of dealing directly with the 
po arization as its curl directly gives the free current density. Thus 
we see that the magnetic field intensity His related to the free 
current in the way B is related to the total current (jfree+jdounii). 

We know that the divergence of a magnetic field B in a free 

space is always zero. It is also true if the magnetized matter is 

present. This is because B=curl A and the divergence of a . url is 
always zero. 

As div B is always zero, hence Eq. (34) gives div K= — div M. 
Thus H does not necessarily have divergence. As Eq. (33) can be 
written as curl H=j/, hence on integrating over a surface S we have 

J(VXH) . r/S=Jj/ . dS. 
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H . d\ 


= r if as 


V, 


... 05 ) 


where is the curve boundin^^ the c anA iv ■ *i- 

free charges or free current linking the cS5vf C iSf 

force in electric h'elds Trabnl^^ ‘inalogus with the electromotive 
of Ampere^s circuUal /an lt aZ "t '' ^o^general form 

presence of magnetic material. The relation ^ 

fmdamental magnetic field vector, Eq. (35) showMhat Th^ 

H IS amnere/meter. ^ ^ ^ snow,> tnat the unit of 

o?)it:r„d "fM '"S' liLT/p ‘s" ■"“•"“j " 

Ot D gives tree charges only not polarization charges 

But tms name belongs historically to B, ahhough B^pLts"a mf 
the magnetic materials analogus to that of K ,,7 h' i^ • ® 

fo l ows that the analogus of pemittivity e Ihe electrS^H^^^^^ 

IS Mp. in the magnetic field theory. It is imnossih n ® ^ 

the terminology, but we must remember the ^ru^ sipmf^ 
magnetic field vectors H and B. significance of the 

11.6. MAGNETIC SUSCEPTIBILITV AND PERMEABILITY 

We know that both diamagnetic and nar^maort.*t* l 
develop a magneiic moment depending on th,. '' substances 
Leaving adde the saturation value of M ft ve?v fow 

hnc6 ,. The ratio of mag.etia,r. M » ” “ 

lOia „eas„,eof ho. 
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iby an applied magnetic field. It is the characteristic of the material 
and is denoted by Xw. 


then 


M=XmH. ..(36) 

If the magnetic moment of unit mass of a material is 


MwiaS»=Xm, mass H or X^, maS8=lmjp 
If the magnetic moment of one molecule is Mmot, then 

Mmol— 1m, Xmol H Of Xm, moi=Xm Ajp. 



where p and A are the density and molecular weight of the material 
respectively. Here Xm, Xm, mass, and Xm, moi are know'n as volume, 
mass and molar susceptibilities respectively. 


Xm is positive for paramagnetic and negative for diamagnetic 
materials. For these both cases it is less than one. Magnetic sus- 
ceptibility of a paramagnetic material decreases with increasing 
temperature as Xm=C/r, where the constant C is known as Curie 
constant. Xm is independent of temperature for diamagnetic 
substances. 


Combining Eqs. (34) and (36), we get 

^=^^0 (H+XmH)=^o (1 + Xm) H 
=^^H, ..(39) 


where (l+Xm) is called the magnetic permeability of the 

material. The dimensionless quantity is called the relative 

permeability of the material km is unity for vacuum. Thus the 
permeability of vacuum is ^o- For diamagnetic materials km is 
slightly Jess than unity and for paramagnetic materials it is slightly 
greater than unity. Thus for the former M and K are antiparallel 
and for the latter these are parallel. 


Table 1. The magnetic susceptibilities of paramagnetic and 

diamagnetic materials at approx, room 
temperature in SI units 



Paramagnetic Materials 

XO, mass {m^jKg) 

Diamagnetic Materials 
'1m, massx }0~^ (m^lkg) 

Aluminum (AI) 

0.82 

1 

Bismuth (Bi) 

-1.7 

Iron Aluii‘inum alloy 

38.2 

i Cadmium (Cd) 

-0.25 

Calcium (Ca) 

1.4 

1 Copper (Cu) 

-O.IJ 

Chromium (Cr) 

4.5 

' Diamond 

—0.62 

Cuprous oxide (CuO) 

1.5 

i Germanium (Ge) 

—0 15 

Ferric oxide (Fea O 3 ) 

26.00 

j Gold (Au) 

-0.19 

Magnesium (Mg) 

0.69 

1 Helium <Hc) 

-0.59 

Manganese (Mo) 

1 

Lead Pb) 

—0.18 

Platinum (Pi) 

1.65 

Silvcr/Sodium 

—0.25 

Tantalum (Ta) 

I.l 

Zin (Zn) 

- 0.20 


Magnetic Properties of Matter 


479 


11.7. BOUNDARY CONDITIONS FOR B AND H 
tells th^ SSrSm 0 ^'^' electrostatics. 

the number of magnetic flux lines 
coming out of the surface of a 
volume is always zero, or 


Ob 


I 

BdS 
, s 


0. 



1L6. 


The magnetic field generally 
changes as it goes from one mate- 
rial to another. To find the con- 

“Sdl “ o" E"a“„d a "’=e».i= media, lei „s 

B, let us assume' a*’?hon“JlScarTOmm.‘(Fig°™^^^ 
bottom faces are parallel and inlinitelv close tn^thV t 
.be ioial ue, flua .be c,rS.fs°u“ ^e'l'a^^t'u'ee 


® jjjBidSj+I^^BadSi+l^ B.dS=0. 

j.B,<iS,+J^B.,dS.-0. 

As dSi=aidS, dSi~n,dS=—nidS. 


that the 


Bi ni=B,.ni or 


tn 


...(40) 

*.e., the normal component of B is continuous across any interface. 

nent of H may be obtafned by^S^refation B=^H^ 

T fi H K K -.(41) 

r.fn boundary conditions on the tangential rrsm.,,. 

of H, let us assume a closed rectangular path i 

sides AB and CD parallel to the inferface'^and close m 
surface current is enclosed by this loop, then 




+ 




dl=0. 


FotAB=CD=1\1 r</l,= Al and (Al ~ *■ 

BC and DA are negligibly small, hence ib'eir eomlibrnm “'wS 


« • 


Hi.Al=Hi.Al or 


-( 42 ) 
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components of B are 
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conditions for the tangential 







Equations (^0) and (42) are identical with those for 1 and E 
found for dielectric boundaries except that— (^7) the normal com- 
ponent of B is strictly continuous across the boundary while that 
of D is continuous only if there is no surface charge, (b) the tangen- 
tial component ofE is strictly continuous, w'hile that of H is 
continuous across the boundary only if there is no surface current. 

These di fferences confirm the existence of true electric charge and the 

absence of true magnetic charge. 


!f the field B makes angles 61 and 6 . 2 , with the normal 
surface of media 1 and 2 respectively, then we have 

Bi cos 01= cos 62 and sin sin 

tan tan 0i. 


on the 


...(44) 


Thus the lines of B or of H are farthest away from the normal 
to the interface in the medium of larger permeabijity. It is similar 
to the refraction of electric lines of force. 


11.8. THE FIELD OF A PEffMANENT MAGNET 

Let us discuss the materials with permanent magnetic 
polarization The ^'ermanent magnets can be made from alloys and 
compounds of the ferromagnetic substances. In the case of 
permanent magnets the alignment of dipoles results from internal 
forces within the matter. fVI. M and B all have non-vanishing values 
inside the magnet even though there is no true current. Let us take 
following three important cases only 


(a) Bar Magnet. To find B and H fields, that the self magne- 
tization produces both inside and outside the matter, the use is made 
of equation B=/xo (H+.\'i). From Gauss’s law for B, we know 

\^B.dS=0 or Js M.dS=0, 

JsH.^S=-jsM.^S. ...(45) 



H 


N 


M 


1 


If A is the area of cross section of the magnet and M its 

magnetization for the uniform magne- 
tization. we have 

M dS=MA=5s H.dS ...(46) 

The negative sign results from 
the fact that the lines of M are 
directed inward at the gaussian 
surface. 


M 


H 


H 



Fig. 11.7. 


As there are no real currents at 
the surface, hence Therefore theTines of H are uniformly 

distributed. This leads directly to the result that Coulomb’s law is 
obeyed, / c., the eifects of H originating from a small end element 
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®y.3“?>ogy with the electrostatic case {i e 

thi end discontinufty S'" of 

, . amplm, (a.. 

where ,r called the strength of the magnetic pole or magnehc 

Gauss s law then beconies 

Js H dS—MA^qm ampim. 

thra magnet from which lines of H emerge is called 

15,^,? / which lines of H converge is^ called th^ 

o* ^ points outside and inside the 

S fha. M h”" '" <*» Thns Je 

noin fa ^ oppo^'to directions inside the magnet At f 

f ‘eii^n“rrirc'i:rcd°^:^'h r”d‘i';,a“ fr- ,;'f » t»o 

“r:f“r;d™s'-r, 

lHdS=qm or ^v:r^H=am 

A 


or 




=±IL 

4:c 


qm 


...( 8 ) 


Mr)H 


■‘ M -=0 


^OH (i-tJoM 


I 

% 

L. 


7 

h 


The magnetic field at any point 
outside the bar magnet can be 
calculated by using the above equa- (a\ 
tion for both the ends. (t>) 

Fig, ll,8. 

r CyKndrical or Disc shaped Magnet Let n .r. 
cylindrical magnet of length L and radius I, masiAhL 
with a magnetization M„ in the positive z dimction Jn Ihe'' 
the volume density of polarization charge jm— v x Mo sin 
constant, hence V XMo=0 and all the interior ^ur ^nt f.' r^*“ 
cancel. On the two ends we have an equivalent magnetic charge ^ 

jMo-dS^Tza^Affy. 

t 

Thus the charges on the unoer 

mid bwer surfaces are yV/„Tnd 

A/o respectively. Since AJ is 
parallel to the sides, hence there will 
be no surface charges on the sides. 

greater distancec 
(fS>rr) one can a.^sume the ch iro.c 
on the end surfaces as at tl,e cenUes 
of each side fac-- The m., 

scalar potential due tl these “ 
magnetic charges is thus given by 


X 



Pig- 1 1 . 9 . 
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xMh-k) 


4ic 


a- 


Since — hence 


H 


na*A/o 

4tc 




For r^L, we may write Eqs. (49) and (50) as 


<f)Tn 


TZQ^Mq L cos 6 pm cos 0 

471: “r» 47cr* 


and /f = — 


pm 

47C 


( ) • 


.. (49) 


...(50) 


...(51) 


...(52) 


where pm is the total efifective dipole moment of the bar magnet. 


(c) Magnetized sphere. Let us examine the magnetic lines of 

forces due to a magnetic sphere 
placed in a uniform magnetic field 
Hq. Field perturbation due to the 
magnetized sphere in a uniform 
field is found to be* same as in the 
case of a dielectric sphere placed 
in a uniform electric field. On 
account of this similarity, one can 
assume demagnetization factor for 
the sphere as equal to the depolari- 
zation factor for a dielectric 
sphere. Therefore H inside the 
sphere is 

Fig^ JLIO. ...(53) 

/. B=f,o(H+M)=po[(Ho-iM)+M]==polHo+W)l - ( 5 ^) 

In the absence of an external field Hq above relation reduces to B=} 
^oM, and the field inside the sphere is given by the relation 

,..(55) 

Hence H is uniform and opposite to the magnetization M. Just 
as in the dielectric case the perturbation on the external field due to 
the uniformly magnetized field will be exactly the field of a dipole. 
To find out the magnitude of the dipole moment, boundary condi- 
tions are matched at the surface of the sphere at the point on the 
sphere along its axis of magnetization (point P). B is normal to the 
surface at this point. Since Bni=Bn 2 > hence B inside and just outside 
Tthe surface must have the same value. 




2pm 

4ic a* 


.or 
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rf; \A magnetization times its volume 

..Ku" s.' 

V* 

11 9. MAGNET AND EQUIVALENT SOLENOID 

amperesTlSed in'*a° m'S fiel3 of fl « SensiirB ^ IfTfs^thi 

ansi. b.t,.e„ B and A, .hen ,h. ,o,q„= .c,i„“ 4 Thfeo®, 

-— MAXB or T=NiAB sin 6. 

electric expression for the torque on an 

p e of dipole moment pb placed in an electric field E, i.e., 

sin 6, 

^/po//m'‘rrp"::'.Tso 


r=pmB sin 0. 


...(57) 


jsSsiiSliiSHS 

body and the B. ^ ^ interaction between the 

unit length (Fig. 11. 1 1 ). it may 2/ and of turns per 

be divided up into a large num- 
ber of sections, each of length B 
Ax. The torque acting on the 

sole-noid due to the interaction 
with B is 

t=2(^Ax)/ 1/5 sin 0 
==AiB sin 6 I>inAx)=NAiB sin B, 

On comparison, we get the 

dipole moment of the solenoid as 
NAi. 


L 



Fig, llJl. 


at 


. We know that the magnetic field at a distance A r.i^ 
turns N is given as ^ ° of total 

i (cos 0,-cos ^i) 


B^^ 

2 


21 


r j-/ 



+{d+l) 


2(d+l) 
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fxoNi 2r^ld /j.q Ipmd 
' 4/ ^ ^ (d^P^ ' 

where pm=^Tzr^Ni, the magnetic moment of the equivalent dipole. If 
the solenoid is short compared with the distance d, then we have 


2pm 

^ 4:c ~d^ 



At any point on the perpendicular bisector of the solenoid, we 
can get the relation 


Hq pm 
4v^ * 



Relations (58) and (59) show that pm is a vector quantity and 
its direction is the same as the direction of B it generates. 

To obtain the expression for the force on a magnetic pole, we 
modify the torque equation by replacing pm by qm (2/), to obtain 

'z=qm{2l)B bin 0. 

This is exactly analogous to the case of an electric dipole in an 
electric field, where F=^E. By analogy, the force* on a magnetic 
dipole is given by the relation 


p=qmB. 



*In few standard books the reader will find the force equation as 

1 qm qm! 


4tc/xo r® 


-..(0 


similar to the Coulomb’s law in the electrostatics, i.e., F=^i^2/4TU£or®, where 
cq has been replaced by and the electrostatic charges by magnetic charges. 

The above relat'on will be obtained, if we define the magnetic dipole 

moment of the current loop by 

pm^lX(^iAN, 

In this way the unit of pm will be web. m. 

The torque Eq. (57) will be 

pmB sin B=ptnH sin 6, 

and the force Eq. (60) will be 


...(r/V) 


1 


There is only one law of magnetostancs, and that is Biot ^nd 
law. The Coulomb’s law of force between magnetic charge^ (or 
be considered a fundamental law as magnetic monopoles do not exist- 
account of this reason . the author does not agree with the relations (0 to t/v;- 


qmB—qmH, 


...(/v) 
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For a north pole is positive and the force is parallel to B, 
and for a south pole the force is antiparallel to B. 

Thus the force between the magnetic poles of pole strengths (or 
magnetic charges) q^ and separated by a distance r in a vacuum 
is given by 


r — — • f 

4n r* 

where is the permeability of 
Coulomb’s law for magnetostatics. 


vacuum. 



Eq. (61) is known as 


Let U3 now consider two following simple cases : 

(a) Bar Magnet. To compare the solenoid with the bar 
magnet, let us draw magnetic lines of induction for a bar magnet and 
for a short solenoid [Fig. 11.12 (^?) and (6)]. Lines of E for an 
electric dipole are also showm in Fig. 1 1.12 (c). The comparison 
shows that the magnetic field B for a bar magnet is of same type as 

that due to a small solenoid. At large enough distances the fields 

in these two cases vary like those for a dipole Hence the flux density 



Fig. 11.12. 

on the axis and on the perpendicular bisector of a bar magnet mav 
also be obtained by using equations (58) and (59) respectively. Jn 

^us case 2 / is siightlv shorter than the actual length of the magnet 

Ihis similarity in the lines of forces show that the torque acting on a 
bar magnet of' density B mav be given by Eq. (57), Hence a freelv 
susp^ended magnet comes at rest when the magnet ipm) is parallel to 

t ii c li 1 1 (i B . 



{b) Magnetized sphere. We know 
that the rnag* etized body is equivalent to 
a solenoid and its cfTect can be stimulat- 
ed by the amperian surface current 
density Ae, where 

A0= Magnetization M. ..(62) 

Fig. 11.13 shows a few of the 
turns of wire w^ound around the surface 
m which current / is producing magnetic 
&eld equivalent to the field produced 



Fig. 11,13. 
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by M. The magnetic field at the centre of the sphere due to one tura 
at distance x from the centre. 


^ 2 ■ 


If dx is the thickness of one turn, then the current i=</xX cur- 
rent density/ As x=R cos 6, dx=-R sin 6 dd, and y=R sin 0^ 
hence 


dB 


H-aj R} 9 de noj 


R^ 


sin® 6dQ. 


or 


Since 


B 




sin* 0 do 


3 Mo/ 


j=Xe=M, hence 


B 


2 fj .0 2pm 


...(63> 


where the total magnetic moment of the sphere. 

The Eq. (63) is same as due to a magnetic dipole. Hence the 
field at any point outside the sphere can be obtained by simple rela- 
tions for electric or magnetic dipoles 

Mo sin 0 

>3*“ 


n _Mo 2pm cos 0 „ 

Br^— — — = and B 
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11.10. PROPERTIES OF MAGNETIC MATERIALS 


...( 4) 


As discussed earlier, all substances, whether solid, liquid or 
gaseous may be classified into three categories, in terms of their 
susceptibility : (/) paramagnetic^ (Ji) diamagnetic and {Hi) ferro- 
magnetic. 


Paramagnetic substances. Examples of such substances are 
platinum, aluminium, chromium, manganese, CuSO^y solutions of 
salts of iron and nickel, oxygen and crown glass. They have the 
following properties ; 

(1) The substances, when placed in a magnetic field, acquire a 
feeble inagnetisation in the same sense as the applied field. Thus the 
magnetic induction inside the substance is slightly greater than out- 
side to it, Fig. 11.14 (n). 



Fig, 11,14. 
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(2) In a uniform magnetic field, these substances rotate until 
their longest axes are parallel to the field. Fig. 11.14 (6). 

(3) These substances are attracted towards regions of stronger 
magnetic field when placed in a non-uniform magnetic field. 
Fig. 1 1.15 (a) shows a strong electromagnet in which one of the pole 
pieces IS sharply pointed while the other is flat. Magnetic field is 
much stronger near the pointed pole than near the flat pole and the 
held is as diverging from pointed pole. If a small piece of test 
material is suspended in this region, a slight force can be observed 
by the slight displacement of the material, int he direction of arrow. 

If a paramagnetic liquid is placed in a watch glass resting on the 
poles of a powerful electromagnet, the liquid is found to move so 
that the general depth is at points of greatest magnetic field 
Fig. 11.15 (fe). 



fig, 11.15. 


(4) If a paramagnetic liquid is filled in a 
narrow U-tube and one limb is placed in between 
the pole pieces of an electromagnet such that the 
level of the liquid is in line with the field, then the 
liquid will rise in the limb as the field is switched 
on (Fig. 11.16). 

Similarly when a paramagnetic gas is allowed 
to ascend between the poles of an electromagnet, 
the gas spreads along the field. 





greater than one. 

which icl“!oW13 paramagnetic element is manganese fS 

with tiS susceptibility X does not change 

^o'^ever it varies inversely as the absolute 
temperature. As temperature increases, X decreases At some hiVh 
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Diamagnetic substances. Examples of such substances are bis- 
muth, antimony, gold, quartz, water, alcohol, hydrogen. They have 
following properties. 


(1) These substances, when placed in a magnetic field, acquire 
teeble magnetisation in a direction opposite to ’that of the applied 

neld. 1 bus the lines of induction inside the substance is smaller than 
that outside to it, Fig. 11.17 («). 



(«) ( 6 ) 

Fig^ 11J7. 

(2) In a uniform magnetic field, these substances rotate until 
tneir longest axes are normal to the field, Fig. 11.17 ib). 


(3) In a non-uniform field, these substances move from stronge 

I to weaker parts of the field. I 



IS represented by the Fig. 11.18. 

If a diamagnetic liquid is 
placed in a watch glass resting on 
the pole of a powerful electro- 
magnet, the liquid is found to 
accumulate on the sides, where 
the field is weaker. 


F/g. I1J8. 


^ diamagnetic liquid is filled in a narrow CAtube and one 
limb IS placed in between the pole pieces of an electromagnet, the 
level of the liquid depresses when the field is switched on. 


Similarly, when a diamagnetic gas is allowed to ascend between 
the poles of an electromagnet, the gas spreads across the field. 

(5) The relative permeability K is slightly less than 1. 

(6) The susceptibility X of such substances is always negative. 
It is constant and does not vary with field or the temperature. There 
are few exceptions, c.g,, bismuth at low temperatures. 

Ferromagnetic Substances. Examples of such substances are 
iron, nickel, steel, cobalt and their alloys. These substances resemble 
to a higher degree with paramagnetic substances as regard their 
behaviour. They have following additional properties : 

(I) These substances are strongly magnetised by even a weak 
magnetic field. The relative permeability is very large and is ofJhe 
order of hundreds and thousands. The susceptibility is positive and 
very large. 


(2) The intensity of magnetization M is proportional to the 
magnetising field intensity H for its smaller values, increases rapidly 
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for larger values and attains a constant value for very large values of 
H, Fig. 11.19. 


(3) Susceptibility X thus 
remains constant for very small 
values of H, increases for 
larger values of H and then 
decreases for very large values 
of H 

(4) The magnetic induc- 
tion B varies with H in a simi- 
lar manner as M does, except 
that B does not attain a con- 
stant value for very large 
values of H. 

( ) Permeability fi a’ 
tic fields where ^jl decrease 



H 


Fig, 11,19. 

'^aries as X. except at very high magne- 
.owly in comparison to X, 


(6) The susceptibiliiy X decreases steadily with the rise of 
temperature. Abrve a certain temperature, known as Curie tempera- 
ture, the ferromagnetic substances become paramagnetic. It is 1000°C 
for iron, 770°C for steti for nickel and i IfC^C for cobalt. 


11 11. PARAMAGNETISM 


We know ihai there are three m'-chanisms or properties of 
atoms that give rise t > magnetic dipole moment. 

i he electrons n cr ing an iind the nucleus in the orbits act 
as small current loop- and contribute magnetic moments 

n2~4.i-~T:r- {ef)=Tcr^ec'/2n:r — c'rr/2. 

2. The spinnin:- electron ha,-: an i itrinsic magnetic dipole 
moment of value eh'^.Tzme. 


3. Th'- juicieus contributes to the tofa) magnetic moment. It 
is due ro the iiic-tion of charge within the -ucicus. 

The magnio.'de of nccicar monumts is about 10'^ that of 
electronic moment' or the spin magnetic mome its as the latter two 
are of the same order. 


Most of the ciicidatory electrons do not contribute to the 
magnetic moment, as they pair off in such a way that they produce 

equal and opposite TTiornents that cancel out. in atoms anU ions, 
the electrons also try to pair up with their opposite spins. Thus we 
have spin magnetism either due to the odd numbered unpaired 
electron or due to incomplete cancellation of spin magnetic moment. 
All the rare eartli and transition elements have a permanent 

their inner electron shells are not completely 
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Paramagnetism is mainly due to the intrinsic or spin magnetic^ 
dipole moment of the electron. If there are N atoms per unit volume 
each having a magnetic dipole m, then magnetization 


N 


m=2; 


i 




/-I 


This is equal to Nm when all the dipoles are aligned parallel. 

Langevin s Theory. Langevin gave a theory for a paramagnetic 
gas. He assum^ that the interaction between neighbouring dipoles- 

was negligible. The dipoles were assumed of same magnetic moment 

W but pointed in any direction. In an applied magnetic field of flux 
density B, the magnetic energy =-m B cos 0, where 0 is 

the Mgle which the dipole makes with the field B. From Boltzmann 
statistics, the relative probability of finding a dipole making an angle 

0 with the 5 direction is e—^ikT, Here A: is the Boltzmann cons- 

ant and T the absolute temperature of the gas which is responsible 
lor the random nature of the dipoles. 


The nu 
W+dW 


iber 


of atoms having an energy in the range 


W ac 


dN~c e—l^IkT dW, 


One can also write it as the number of atoms whose dipole lies 
between 6 and We therefore have 

dN=ce^Bcos6lkT^^^.^^ 

=c' c"’^"°^^/^^sin5J0. 

As total number of atoms per unit volume is TV, hence the 
constant c'=cmB can be obtained as 


N=c 


J 0 


cos 0 . ... 2c' . 

sin 0a0= — sinh a 


or 


c'=7\ra/(2 sinh a). 


(where <x=mBlkT) 


dN 


Na 


2 sinh a 


^ cos ^ 

e sm 6 d6- 


...( 66 ) 


The component of each dipole moment parallel to B is m cos 0,. 
hence the total magnetic moment per unit volume 


M 



m cos 0 dS 


mN<^ 
2 sinh 


iNct r« 
inh a J 0 


n a cos 0 . n Q 
e sin 0 cos 0 «0> 
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OL COS $ 


cos 6 e 


a COS 0 



...(67) 
oment, say 

...(68) 


a' a 

=Nm (coth a — l/i). 

Since Nm is the saturation value of the magnetic 
Moy hence 

M—Mq (coth a — 1 /a). 

This bracket term (coth a— 1/a) is known is Langevin function. 
It is plotted as a function of a, in 
Fig. 11.20. This curve indicates l O 
that for large values of a the g 
function tends to unity, i.e., -c o-8 

It is the case when all g 
the atomic dipoles are parallel to "" o-6 
B. For small values of a, the 'c 
curve is linear, as for smaller g o -4 
values of « 


c 

o 


coth a — l/a=a/3=m5/3jtr 

For small values of a and 
thus for higher values of T 


0*2h 



Susceptibility 


Fig. 11,20. 

M Afo(coth a— 1/a) m^NfXQH 


const 

^ZNkT" T 



Here the constant is called the Curie constant and this relation 
is known as Curie law. Curie law is well verified experimentally 
and is very reasonable as at higher temperatures the thermal agita- 
tion opposes the dipole alignments along the B-direction. It breaks 
down at low temperatures. The temperature below which this law 
ceases can reach as low as for some paramagnetic substances. 

Langevin’s theory applies strictly only to gases. In a gas or 
liquid the atoms are making collisions with one another continuously, 
while in a solid the atoms are undergoing thermal oscillations. Under 
these conditions the various magnetic dipoles can interchange magne- 
tic energy with the thermal energy of their environment. The thermal 
energy of the system tries to produce a completely random orienta- 
tion of the magnetic dipoles, but the orientations along or near the 

applied field B have t^e lower magnetic energy and are thus favoured 

For solids NkT in equation (69) is the total kinetic energy of the 

atoms. It may be regarded as a measure of the resistivity against the 
turning of the atoms (molecules) in the direction of B. The mutual 
action of the solid molecules affects the orientation of the molecules, 
in the same way as their kinetic energy. Thus the effect of taking: 
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this action into account is equivalent to an increase of K,E. by a 
term Hence in the case of solids 




.,.(70) 


^ AA'Q, where is a constant independent of temperature, 
then the above relation becomes 


11.12. DIAMAGNLTiSM 

In electromagnetism we know Lenz’s law, which states that 
vvher- the flux through an electrical circuit is changed, an induced 
current is set up in the circuit in such direction as to oppose the 
change of flux. The magnetic moment associated with this induced 
current is called the diamagnetic moment. It is in the direction 
opposite to the applied field, hence the susceptibility is negative. 

Langevin’s theory of diamagnetism. In diamagnetic substances, 
the electrons associated with different atoms rotate in orbits oriented 
so that the net magnetic dipole moment is zero. According to 
Langevin, the net magnetic dipole moment is not zero, when a 
magnetic field of flux density B is applied . but is negative for these 
substances. 


To calculate net magnetic moment in the presence of magnetic 
field, let us consider a very simple model consisting of an electron 
orbit whose plane is X to the B-direction. According to the Lenz’s 
law there is an emf induced in the electron orbit, given by 



where the radius R of the orbit is assumed constant. It is the case 
when the magnetic field B is such that it makes very small changes 
in he circular rnolion. 


The emf produced by changing B results in an electric field E 
which acts tangentially to the direction of llic electronic motion. 
This field E(~^l 27 zR) will accelerate the electrons. Hence by 

Newton’s law 


r dv „ eQ 

F=me —=eE=^ 

dt 2 kR 

Hence the combination of Eqs. (72) arid (73) gives 

do e diX> eR dB 


dt 


InRme dt 


Imc. di 


..m 


m74) 


The total change in velocity, during the time the B is being 
increased from 0 to Bm, is thus given by 

Aa= — eRBmllwe. 
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Change in angular velocity 

l^to— ^ vjR— — eBmllme, 

This is called Larmor frequency, also written as wl. Negative 
sign shows that wl is— ve (clock-wise) when B is positive (outside). 

The magnetic moment will be induced due to the Larmor 
frequency of an electron and thus the induced current. VVeknow 
that the magnetic moment of a circular current where / is 

the current and A is the area of the loop. Since the induced current 

i=e{/^(Dlliz)~ea}^l2T^= — BmlAizme. 

Induced magnetic moment fn=iA'-^i(TiR^) — — e^R^£m/4me, 



In diamagnetic materials, the velocity of one electron increases 

while that of second decreases by the Larmar frequency in i he pre- 
sence of applied magnetic field. Thus we have a net magnetic 

moment Therefore, the net induced magnetic moment of any atom 

may be obtained by adding m’s for all the electrons in an atom, as 


/w'=- 


C® Bm 

4 rne 




-..(76) 


For a substance containing //-atoms per unit volume, the total 
magnetic moment per unit volume, / e., the induced magnetization 

...( 77 ) 


f AT V r. • 

M=m N= ^ 2y?i*=- 


4me 


4m 


Ri 



Hence the susceptibility of the diamagnetic substance is given 



In the derivation of this result, B,„ is assumed to be perpendi- 
cular to the planes in which electrons circulate. When the orbit is 

inclined, so that a normal to the orbit makes an angle 0( with the 

field Bwi, the above relation can be written as 



4me 


cos^ 6i, 



Substitution cf known values gives ‘/.m of the orders of rwIO‘8 
This relation incjicotes that the diamagnetic susceptibility is indenen' 
dent of the temperature. Small variation in with tempr-rature 
J IS due to cnanging ol lattice constants with temperature 

Diamagnetism is present in all types of matter but ’its eff-rt fc 

masked generally by stronger effects of paramagnetic or ferromag- 
i^hc behaviour that also occurs simultaneously in the raetcrial 

Diamagnetism is prominent in materials which consist atoms with 
closed electr" n shells, as in these paramagnetic effects cancel out 



494 


Electricity and Magnetism 


As paramagnetic susceptibilities decrease with temperature, hence all 
materials become diamagnetic at high enough temperatures. 

Some metals are diamagnetic, while others are paramagnetic. 
In the metals, Xm is due to the ion cores and the conduction elec- 
trons. There is also a paramagnetic contribution from the electron 
spins. In some cases this paramagnetic contribution is more than 
required to cancel the diamagnetic term, hence it is difficult to predict 
whether a given metal will be diamagnetic or paramagnetic, 

11.13. FERROMAGNETISM 


In iron like elements and their alloys, known as ferromagnetic 
substances, the magnetization is not usually proportional to the 
applied magnetic field, as in the previously studied materials. The 
susceptibility is several thousand for these materials. Such a high 
magnetization may be due to magnetic moments of electron spin. 
In ferromagnetic substances the effective field acting.on each spin 
magnetic dipole is the vector sum of the applied field plus a strong 
interaction field arising from all the neighbouring dipoles. This 
interaction field is so strong that thermal vibrations even at room 
temperature can not destroy the alignment. These interactions, also 
known as exchange coupling, cannot be explained in terms of classical 
physics They can be explained only by quantum mechanics as they 
exist due to the wave nature of the electrons. 

Weiss, in 1907, gave a quantum mechanical theory of 
ferromagnetism, with the following postulates : 

(0 The internal field acting on a dipole is not the external 
field Hq, but given by 

where p is the internal field constant corresponding to the exchange 
coupling, 

(«) A ferromagnetic substance consists of large number of 
domains, called ferromagnetic domains. 


Ferromagnetic Domains. A domain is a region composed of a 
number of elementary magnets, each pointing with its axis in the 

same direction even in the absence of 



(u) ib) 

Fig, 11.21, 


any external field, Fig 11.21 (a). The 
size of the domain is now known to 
vary from about 10"® cm^ to 10 ® 
cm^. In an unmagnetized ferromag- 
netic specimen the domains are 
oriented at random, so that their 
resultant magnetic monj^nt is zero, 
Fig. 11 21 (b). 


Fig. n.22 (a) shows a ferromagnetic crystal as being made up 
pf small cubes in each of which the domain vector is || to one of 
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the directions of preferred magnetisation. This picture is wrong as 
it violates the fundamental theorem of magnetism. The normal 
component of magnetic field is to be conserved. Fig. 11.2/ (b) is 
favourable as B is continuous across every domain. Using this 

a single crystal is illustrated in 

Jig. 11.22 (c) 


- 
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Fig. 11.22. 

When the specimen is placed in a magnetic field the resultant 
magnetization may increase in two different ways : by an increase 
in the volume of the domains which are favourably oriented with 
respect to the field at the expense of unfavourably oriented domains, 
ig. 11-23 (a) or by the rotation of the domain magnetization 


ia) 



MAGNETIZED BY 
DOMAIN GROWTH 

(Boundary disploce- ] 
ment ) 


(b) 



MAGNETIZED BY 
DOMAIN ROTATION 



Irreversible 

boundary 

displacement 


Reversible boundary 
displacement 

(C) 


H- 


Fig. 11.23. 

direction, Fig. 11.23(^.). In weak fields the 

changes by the former method and in strong 
fields by the latter method. A magnetization cu*- - for a ferro^ 

m which each process is dominant. In small fields i • 

TCwersMe, i.e . boundaries return to their original pos.. onswhet^the 

field IS removed. If the magnetic field is further ir -teased irrevpr 
sible boundary displacements predominate and the maenetizaHon 

^1*^ increases the magnetization by the rotation of thl 
domain vectors m the direction of the applied field. 
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Curie-Weiss Law. Weiss theory of the ferromagnetism can 
not be discussed here. The equation for the magnetization in a 
ferromagnetic materia! may be obtained by replacing B by Bu the 
internal field in a ferromagnetic substance, in the equation for the 
magnetic moment of paramagnetic substances. Thus we get 

^-Bi _NmyoiHo+&M) 


7kf-- 


3kT 


3kT 


As the magnetic moment of an orbital electron m—ehlAi^rne. 


Hence 

where constant 

This law is known as the Cwie- Weiss law, C the Curie constant 
and 6 the Curie temperature. For F ^ 0, the ferromagnetic material 
behaves as the paramagnetic material. For 0, this law is not 
applicable. In this case a finite value of the magnetization exists 
even when H the applied field 77,)= 0. This magnetization is called 
the spontaneous magnetization, it accounts for the residual 
magnetization in the absence of external held. 


M=N 


eh 


^ (T/q+^SA/) 

Annie i 3kf 


M. 


CH 

' 2 ~Z'q Susceptibility Xm 


T-e 


C=N 


eh 


Fo 


Annie 


3k 


'pr and 0=PC. 


...(82) 


, ...(83) 
...(84) 


1M4 HYSTERESIS 

The real distinguishing characteristic of a ferromagnetic 
material is not that it can be strongly magnetized but that the 
intensity of magnetization M is not directly proprortional to the 
magnetizing field H. It a gradually increasing magnetic fidd H 
is applied to an unmagnetized piece of iron, its magnetization 
increases non-linearly, until it reaches a maximum. IfM is plotted 
against H, a curve like OA is obtained, this curve is known as the 
magnetization curve- At this stage, all the dipoles are aligned and 
M has reached to maximum or saturated value. It is often more 

convenient to plot B than M, the difference is 
often small except for the factor 2 S 
B=jLto (H -hM) and M is usually much greater 
than H. If a magnetic field H is now reduced, 
the M (or B) does nor return along magnetiza- 
tion curve but follows path AB, At H— 0, 

(or B) does not come to its zero value, but ^its 
value is still near the saturated value. Tlie value 
of M at this point (/ e . OB) is known as reina- 
nence, remanent magnetization or retentivity. "^^he 
value of B at this point is known as the residual 
induciion. The retentivity gives the state of 
permanent magnetization of the specimen- 



Fig 1F2A. 
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On applying a reverse field the value of M falls and finally becomes 

abscissa OC represents the reversed magnetic field 
needed to demagnetize the specimen. This is known as coer mtv 
^r coercive field) of the material. If the graph is in between B and 
H, then It must be noted that the numerical value of H to make 
B-0 is not the coercivity, as B=^o (H + M). hence B=0 for 
M— — H and the magnetization M is left positive. 

..I fbe reverse field is further increased, a reverse magnetization 
LI quickly reaches the saturation value. This is shown 

asc/;. If H IS now taken back from its negative saturation value 
to Its original positive saturation value, a similar curve DEFA will 
be traced The whole graph ABCDEFA thus forms a closed loop 
usually known as hysteresis loop. The whole process described 
above and the property of the iron characterized by it are called 

It is clear from the hysteresis loop that 

e intensity of magnetization M does not reduce to zero on remov- 

ing the magnetizing field H. M is zero when the magnetizing field 
His equal to the coercitive force. At these points the magnetic 
induction IS not zero, and the specimen is not demagnetized To 
demagnetize a substance, it is sub- 
jected to several cycles of magnetiza- 
tion, each time with decreasing 
magnetizing field and finally the field 
IS reduced to zero, in this way the 
size of the hysteresis curve goes on 
decreasing and the area finally reduces 

to zero. Demagnetization is best 

obtained by placing the specimen in 
an alternating field of continuously 
diminishing amplitude. It is also 
obtained by heating, ferromagnetic 
materials becoming practically non- 
magnetic at sufficiently high tempera^ 
tures. 

Fig. 11 25. 

Ballistic Method for B.H, Curve. The B-H curve ^ 
specraen can be obtained by a ballistic galvanomfteV method 

this method the specimen is taken in the form of a rinn ^ 

anchor ring, knovvn as 

A magnetizing coil is wound closely round the 

form,„g the prim.,, P „f e„dle„ ThS couT”r„e'S. 
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R2 ^ 

A/VWV^ 


OiDDJM 



through a reversing key K and a two wav kpv jr 

taming a battery, an ammeter A Wrheosmt W 

-^1 and a resistance iJ . 

The resistance R* can be removed 

rrom the circuit by pressing the 

key K . Over a small part of 

primary of the solenoid, a secon- 

dary coil S of few turns is wounded, 

which is connected in series with a 

ballistic galvanometer (-5.(7,), 

variable resistance 7?,. a key and 

the secondary coil S* of the standard 

solenoid having primary P\ The 

two Way key K\ may connect either, 

the primary of the ring solenoid, or 

primary of the standard solenoid. 

To damp the motion of ballistic 

galvanometer, a tapping key K^ is 



b 

-o 


ac.t<i 




Tig 11 . 26 . 


connected across it. The whole arrangement is shown in pYg': IU6. 

iTK^cir. primary of the ring solenoid consists turns and the 

duced?n‘th?^^'^^"^^ nngis/, then the magnetic field pro- 

duced in the ring due to the current / in the primary is given by 

H=NM ( 85 ) 

magnetizing field produces a magnetic flux which nasses 
through the secondar, of the ring soleooid. 'iriiathe 

^ number of turns in the secondary and 

change of flux in the secondary, it sets up an induced 
emf in the secondary circuit. If 7? is the total resistance of the 

gaNa^hom^eter^^^'^’ charge passing through the ballistic 


g=NBA/R, 

If 6 is the first throw of the ballistic galvanometer coil, then 

q^NBAIR=K 0 (t+A/ 2). ..,(86) 

where ^ is the ballistic constant and A the logarithmic decrement of 
the ballistic galvanometer 


To eliminate and A, the known current /' is passed through 
. ^ standard solenoid by closing the key ATi to the 

right. If n IS the number of turns per unit length in the primary, 
then the flux density in the standard solenoid will be uq n i\ The 
corresponding flux linked with the secondary of A^' turns will thus be 
H'O^J (A^ A'), where A' is the area of cross-section of the secondary 
of the standard solenoid. This change in the magnetic flux sends 
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ballistic galvanometer which deflects the coil. 
il y IS the first throw in the galvanometer coil, then 

charge=/^o« A''t'^7^=A:0'(l+A/2). ...( 87 ) 

Dividing Eq. (8e) by Eq. (87), we get 

NBA 0 

^ ^ I ^ f ft I i 

...( 88 ) 


f^anN'i'A' 0 ' 


or 


ixpn N’i'A' e 
NA 6' ' 


This is the expression for magnetic induction in the specimen 
corresponding to the magnetic intensity H, given by Eq. (85). 

For the full cycle of magnetization, the following 
bejollowed The key K, is first closed to the leff 
plug betsveen ah gap and the resistance^ and 
are decreased utuii on closing the commuta- 
tor A: the galvanoniet-r gives full scale deflection 

current corresponding to 
. IS dencctinn is measured by an ammeter and 

IS used as maximum current in the main experi- 
ment. ^ 


procedure is to 
by inserting a 

% 

B| 


The lesi-'ual magnetism in the specimen is 

reduced to zero as —The galvanometer circuit 

IS hr.t broken and the resistances and i?' are 

reduced to the minimum. Y he current passinn 

through the priniarv of the ring solenoid is then 

reversed many times by means of the commuta- 

tor the resismnees and A' are increased 

giadually simulianeously until the current becomes 
very small. 


/ 

/ 

/ 

c / 

1 

1 

d/ 

I I 

1 ; 

■ P 
/ 

'9 -♦H 

1 

i 

/ 

If 

1 


Fig. 11.27. 


no.:S” 

The corresponding point on the B-H curve is a ‘calculated, 

circuit IS again bioken and the specLen k np.in h 

reversing rapidly the commutator K as described befor'e^fhe^ls^M' 
galvanometer -s again put in the circuir Now ic 
value and K' is opened. This decreases the ^ 
mugnetizim field 77 This decrease in 77 n 

magne.ic mducoon 5. Corre^ponding to this decreL T-1 

bv'^Ztinc aminete?1-eadma''‘'T^^^^ magnetising field 77, is calculated 

77cur-ve) .s de'o'dty^hc^o , 

gradually increasing 7?' until current anH ? ‘’y 

The gra,^. corresponding t^th"" readings ^7' 

after each measurement the snecimen it Tr^t ^ ^ * 

th-eversal of max.mum current 
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The cde of the graph is plotted by repeating the process in 
many steps with the reverse current. The point e is corresponding. 
to the zero value of 7?'. The part can be drawn by svinmetry 
or by repeating the experiment usings as the reference point and 
leaving the commutator on the left, if it was on the right previously. 

In an unmagnetized specimen, the directions of magnetization 
in different domains are different so that net magnetization is zero. 
When this specimen is placed in an external magnetic field, these 
domains are rotated so that the magnetization is aligned with the 
field direction. The work is thus done and the energy is taken by 
the specimen under this process. When the field is removed the 
domain boundaries do not mave completely back to their original 
positions and the specimen retains some magnetism, Thus the 
energy is not recovered during demagnetization and there is alw'ays 
a definite loss of energy for each hysteresis loop. This energy loss 
is known as hysteresis loss. 


Let m be the magnetic moment of any one domain which 
makes an angle 6 with the direction of magnetizing field H. The 
components ofm along and 1 to H are m cos ^ and m sin 0 respec- 
tively. The summation of all such terms for all the domains in 
volume of the specimen will be 

S m cos B and S m sin 0, 

N N 

where summation is taken over all the N domains, which are in unit 
volume. As the magnetisation is along H, hence from the definition 
of M, the intensity of magnetisation, we have 

S m cos 0=A/ and S m sin 0=0 
dM=d[L m COS — 'll m sxa ^ do. 

As the restoring couple acting on the domain of moment w. 
when it is inclined at an angle 0 to the H— direction \sm B sin 6 

sin 0). Hence the work done when it moves through a 
small angle is 

dW' sin 0 dQ. 

Work done per unit volume of the material 

= sin 9 dO. ■ (89) 

If the intensity of magnetization M is increased to M-VdM by 
increasing H to H-\-dH, then the work done per unit volume as M 
increases (or the dipoles are rotated more along H, i.e., 0 decreases) 
is given as 

...(90} 


dlV='ZfXQm (H+dH) sin 0 f/0. 
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As dH and d6 both are very small, hence by assuming H as 
constant, we get 

dW=-'LnamH sin 6 dd=-ixoH l^m sin 6 dQ=^aHdM. 

, . Work done per unit volume for a complete cycle of 
magnetization 


HdM. 

JD hence for constant magnetizing 

da—^f^dM. Therefore, 

fV=f HdB. 


...( 91 ) 


field 


..( 92 ) 


Let us consider M-// curve (or B-H curve). At point near 

£,°n .* H and PR represents a 

small change in M. I e dM {ot dB). Hence the area PQSR will 

^present H.d^l (or H c/B), the work on the material per unit volume. 
Thus the work done on the material per 
unit volume during the path ah will be the 
sum of all such areas, i.e., area OabJO. 

When the material is taken from b to c, or 
the magnetising field is decreased to zero, 
the energy equal to the area bJcb is restored 
back per unit volume of the material. Thus 
the horizontally shaded areas represent the 
work done by the material per unit volume, 
whilst the areas which are also verticallv 
shaded represent tlie work done on the 
material per unit volume. Hence the excess 
ot work done on the material over that done 
by it, per unit volume, is represented by the 
area enclosed within the hysteresis loop abedefa 



Fig. 11.28. 


A Work done per unit volume per cycle==^,x Area of the 

M-H loop ^ Area of B~H loop. 

A rough idea of the magnitude of hvsterecU Ir^cc^vn ^ u 
obtained from an empirical formula of Steinmetz. ^ 

Work done or the Energy loss per unit volume per cycle 


W~’q [Bmax) 


K 


...( 93 ) 


where Bmax is the maximum maenetic i 

Steinmetz coefficient, is a constant varvino r * " 

Th. e.pon=„f K ,arie, b™„ 4 aT/l 

magnetic materials, most accepted valnels lV 



ti 


AO) 



Fig. 11,29. 
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11.15. SOFT AND HARD MAGNETIC MATERIALS 

The magnetic properties of a ferromagnetic substance can be: 
obtained from the size and shape of the hysteresis loop. For a few 

materials the hysteresis curves are shown 
in Fig. 11.29. Curves (a), (6), (c) and id) 
are respectively for the specimen of soft 
iron, steel, cobalt and nickel materials. 
The study of these curves gives the follow- 
ing informations : 

(/) Susceptibility, The susceptibility, 
the intensity of magnetisation per unit 
magnetizing field, (z.c., MjR) is greater for 
soft materials than for hard materials. 

{ii) Permeability, The permeability, 

the magnetic induction per unit magnetizing 

, ^ field (/.e., BjH) is greater for soft materials 

than for hard materials. 

(///) Retentivity. When a magnetic specimen is first magneti^ed 
and then the magnetizing field is reduced to zero, the specimen 
retains intensity of magnetisation (or the magnetic induction), this is 
known as the retentivity (or the remanent induction). It is greater for 
soft materials than for hard materials. 

(zv) Coercivity, To demagnetize the magnetic specimen com" 
pletely a ve field is required. The value of reverse field H required 
to reduce the intensity of magnetisation to zero is known as the 
coercivity. It is less for soft materials than for hard materials. 

(v) Hysteresis Loss. The area of the hystersis loop and hence 
hysteresis loss per unit volume per cycle is less for soft materials 
than for hard materials. 

Choice of Magnetic Materials. The choice of a magnetic 
materials for dififerent uses can be decided from the hyteresis curve 
of a specimen of the material. 

(1) Permanent Magnets. The materials for a permanent 
magnet should have : (a) high retentivity (so that the magnet is 
strong) and (b) high coercivity (so that the magnetizing is not wiped 
out by stray magnetic fields, mechanical ill-treatment or by teni- 
perature change). As the material in this case is never put to cyclic 
changes of magnetization, hence hysteresis is immaterial. From 
the view point of these facts, steel is more suitable for the construction 
of permanent magnets than soft iron. The fact that the retentivity 
of iron is little greater than that of steel is outweighted by the much 
smaller value of its coercivity. Recently a number of alloys, having 
large values of coercivity have been developed for the purpose of 
construction of permanent magnets. The very suitable alloy of 
highest coercivity is named as vicalloy (vanadium, iron and cobalt). 
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(2) Electromagnets. The materials for the construction of 
e ectromagnets should have {a) high initial permeability, {b) low 

magnetizing field. From the view po“nT of 
these facts the soft iron is an ideal material for this purpose. 

0/ ''■an.s/brme/-j W CAoArcj, Armatures of Dynamos 

used in these cases is subjected to cyclic changes. Thus the essential 
requirements for the selection of the material are : (a) high initial 

s ilatfnn T i^y^teresis loss to prevent the breakdown of in- 

sulation (^the windings as less dissipation of energy produces a small 

bs^ses^ specific resistance to reduce eddy current 

• ’matter than steel for these purposes. Soft iron has 

initia permeability about 250. The permeability is greatly increased 

I'!;'" S is kno"r., 

t ansjormer steel. There are some other alloys of iron and nickel 

known as permalloys. Mumetal {Nil6°k. Cm 5% Fe 17 5 "/ Tr 1 5 "/^ 
.an initial relative permeability between 10 000 a^d 100 Oof 
Radwmetal (/v/ 48%, Fe 48.5%, C«3%, A/u 0.5%) has an initial 
relative permeability between 2,000 to 15,000. 

1116 . ferrites 

chana^frn°,^'”^ ^ai^arberg Theory of ferromagnetism, the 
atom! c parallel to antiparallel spin alignment of neighbouring 
atoms IS associated with the change in electrostatic energy. If Z! 

alignment and of sufficient magnitude 
the material composed of these atoms is called a ferromagneL Uthc 
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energy change favours antiparallel alignment and the spins are alter- 
nating from atom to atom (ordered spin structure) with zero net 
magnetic moment, the material is called an antiferromagnet. In most 
general ordered spin structure the net magnetic moment in one of 
these (up or down) directions is not zero, such a material is called a 
ferrimag net or a ferrite. The Schematic representation of atomic spins 
in ordered spin structures is shown in Fig. 1 1.30. The example of a 
ferrite is the mineral magnetite (^^ 3 ^ 4 ). The ferrites are of consi- 
derable technical importance because : (a) They have relatively large 
saturation magnetization, (b) They are poor conductors of electricity, 
(c) They can be used for high frequency applications where eddy 
current losses are significant, and (d) The resistivities fall in the range 
from 1 to 10 ^ ohm-meter. 

11.17. MAGNETIC DIPOLE IN A NON-UNIFORM MAGNETIC 

FIELD 

Consider a small circular current loop of radius r carrying a 
current i and placed in a non-uniform magnetic field B. Let us 
assume for simplicity that the field is symmetric about the z-axis and 
decreases as we proceed in the z-direction. In this problem, we 
want to find the force on the current loop due to the external field. 
Since the net force on the current loop due to its own field is zero, 

we therefore ignore its own field and consider B as the total field 
under consideration. 





{a) (b) 

Fig. 11.31. 


At every point on the current loop [Fig. 11.31. {a)] the magne- 
tic field B has two components, Br in the plane of loop directed 
radially outwards, and Bz in the z direction. On account of the 
symmetry of loop about the z-axis. The force due to the Bz compo- 
nent is zero on the current loop and the net force is due to the radial 
component Br only, which is given as 

F= - k IBr i:dl= - k 2nr i Br. ... (94) 

The negative sign shows that the direction of the force is along 
the negative z-direction. 

The value of Br can be easily evaluated by using Gauss law. 
div B=0 or the net amount of flux of magnetic field out of any 
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volume is every where zero. Consider a small cylinder of radius r 
and hight A 2 The outward flux from the curved side surface is 27T:r 
A 2 Br and the net outward flux from the end surfaces is Tcr® [-Bz 
{zy\-Bz{z~\- Az)] Therefore 

is B . dS—2TtrAzBf+7zr^[’~Bt{z)-{-B~Jz+Az)]=0. 
or Br^-ir [~BAz)-\-Bfz+Az VAz. 

Since (z) and -fiz (z+Az arethe magnetic fields at z and 
z+ Az respectively. To the first approximation the bracket term may 
thus be written as (rB:, dz)Az 



Since Bz decreases as z increases, Br is therefore positive 
Substituting the value of Br in equation (94), we get 


F=: — k 2k r /( — 


r 

2 dz 


, 2 • ^^2 

=kKrh - - 


dz 


=kmdBzicz. ..,(96) 

Here is the magnetic moment of the current loop. 

the above derivation, we have been taken the special case 

depend on the dipole 

moment of the current loop not on its shape and the magnetic 

fhp J ™ the above case, hence 

the equation for the general case may be written as 

F=(m . V) B. ( 97 ) 

direction of increasing 

Setion n? H moment is parailel to B, in the 

Saral'efto R ifih ® is 

P ‘ ‘^^ternal lield B is uniform this force is zero. 

11.18. MEASUREMENT OF SUSCEPTIBILITY 

magnetic Sit inhomogeneous 

intensity if it is paramagnetic Thi.c ® ^ ^ ° 'magnetic 

placed in a non uliSm® magnetic field tL 

force which is equal to threhanse in 

displacement of the sample ThefLceSfi tv 

measured by measuring the force o1 k 

geneous magnetic field^ If instead of substance in an homo- 

a specimen of volume V and of we have 

moment of the specimen will be susceptibility Z. The magnetic 

m=MK=ZHF. 

F=/x„(in.V)H=Z;aoI'(H.V)H. 
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and 


/.o V ( — 
oz 


...(98) 


^A- has a susceptibility Xj and is immersed in a 

ledium with susceptibility X^, the force immersed m a 




...(99) 


sectioi^i*^^thrvpI?fr"i'f™^^^’“u° ^ long cylinder of uniform cross 

, the vertical force m the 2-direction on an element is 

^■^ 2 -—^ {'y-i—Xs) 1^0 zi~ (H^) 

cz 

Fz=i (Xi — Xs) fj.oA^ 

=MAio (Xi-Xj) ...(100) 

end " the lower end of the specimen and H, that at 

gtvS belo7: dia or paramagnetic material (solid or liquid) as 

first emLved"h'’‘r ® r (Gouy’metbod). This method was 

fnrmT/ “cthod the specimen is taken in the 

fo m of a thin rod and suspended from one arm of a sensitive micro- 

balance in the magnetic field between the wedge shaped pole pieces 

of an electromagnet (Fig. 11.32). The pole pieces are sufficiently 


« • 


C 


TV 




Fig. II 32. 

ZnLloYrt horizontally in the 

SSl dlme/.S specimen is suspended. Since the 

direction. Due to this change in 

a for°ce along ‘he specimen will experience 

warH H vertical direction), upward or down- 

O' pa'am.r.e.i0 
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In this experiment, the specimen is first balanced by putting 
weights on the other arm of the balance. The magnetic field is 
switched on and the balance is again made by adjusting the weights. 
The weights m added or removed in the second case give us the force 
experienced by the specimen due to the magnetic field. As the 
magnetic field falls off rapidly in the Z'direction, neglecting Ho and 
comparing the forces we get 

nig—^ — ...( 101 ) 


The magnetic field Hi can be measured by the fluxmeter. Thus 
by putting the susceptibility of air Za and other known quantities 
in the above equation, the Xs of the given specimen is calculated. 

ib) Susceptibility of liquids (Quincke method). Quincke devised 
a method for determining :;usceptibilities of acqueous solutions, 
many liquids and liquified gases. This method is particularly useful 
in investigating the variation in the susceptibility of acqueous solution 
of iron salt with concentration. The susceptibility^ in such solutions is 
found to be proportional to the iron content of the soluiion. 

A carefully clean glass lube of about 2 cm in diameter is 
drawn out in ar air gas flame so that part of it is in the form of a 
long narrow capillary of uniform bore. This thin part is bent to the 
form of U-tube. The U-iube is placed so that its plane is vertical 
and its narrow limb passes between the poles of an electromagenet. 
The tube is partially filled, so that the surface of the liquid in the 
narrow limb is nea^- the centre of the field. When the field is switch', d 
on, the liquid r-^eniscus rises or falls. 


If the surface t.nsion effects are negligible and Z is the vertical 

distance between the levels of the menisci when the field is applied, 

then 

Change in hydrostatic pressure=Pressure due to magnetic field. 


In our present problem, field at the end B is zero and 
at the end A is the field applied //, y,^=l8 the susceptibility of 
solution and 7.2=Xa that of air. Hence we have 


g(p-a)Z-i -/.□)/?=*. 

Here p is the density of 
the solution and a that of air. 

Let a be the cross sectional 
area of the narrow limb and p 
that of the wide limb, z the 
observed rise of the meniscus in 
the narrow tube and zq the fall in 
the wide tube. As total volume 
remains constant, hence 


...( 102 ) 



p2o=az. 

Z=z+Zo=z (l+«/)5). 


Fig, 11.33. 
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Hence (X.-Za) m=g fp-<T) z (l+^./13). ..,(103) 

With the help of this equation susceptibility of any solution 
can be calculated. Unknown field in the narrow gap can be 
calculated as a reverse process, if the susceptibility is known. 

!c) Curie Balance Method, This method was first used by 
Curie in 1895 for the measurement of susceptibility of weakly mag- 
netic substances. The specimen is placed in a glass tube which is 
suspended from a light arm carrying a balance weight and a 
copper vane. The Cw-vane moves in the gap of a permanent 
magnet and serves to damp the oscillations of the arm bv inducing 
wddy currents in the vane. The light arm is suspended by a silk or 
quartz fibre. The moving system also carries a mirror to measure 
deflection accurately. A permanent magnet of ring shape is mounted 

on the one end of an arm, which 
may be rotated so that the air gap 
of the magnet may be moved 
toward or away from the tube 
containing the specimen. 

This method depends on 
measun'ng the force on the subs- 
tance in an inhomogeneous mag- 
netizable material of susceptibility 
/- and volume V is given by Eq. (98). 
The pole tips of an electromag- 

1 u i Grr 1 , adjusted so that dHx^l^z \s 

large while BHy^idz^nd dH^'^ldz are very small, special shapes of pole 

ti^ps are designed to make uniform over a laige volume so 

that different specimens may be placed in the same position. If 

the specimen of susceptibility h is immersed in a medium with 
susceptibility Zj. then the force 

measured in terms of the rotation of the torsion bead, 
which is proportional to the torque due to this force. 

First of all, by using the glass tube alone the magtiet is rotated 
until maximum deflectioi is obtained The specimen is then placed 
m the tube and the maximum deflection 6^ of the moving system is 
observed. The specimen is then replaced bv some material whose 
susceptibility is known (distilled water is generally used for this 

purpose) and a deflection is observed. If '" as the deflection 
with the glass tube only, then 

Susceptibilit>^of specimen 1 _ Zi _ m.^ 

Susceptibility of specimen 2 (^ 2 —^ 0 )’ .. (104) 

where /Wj and m 2 are the masses of the specimen and the standard 
material respectively. 
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11.19. THE STERN GERLACH EXPERIMENT 

Stern and Gerlach in 1922 performed an atomic besm experi- 
ment and demonstrated that the directions of vector magnetic 
moment of an atom placed in an external magnetic field were 
quantized with respect to the field applied. 

The Stern-Gerlach atomic beam experiment is illustrated in 
Fig. 11 .35. A strap-shaped beam of silver atoms was formed by 
evaporating silver in a heated oven O and allowing atoms from the 
vapour to stream out through collimating slits 5i and This beam 
was allowed to pass along and very close to the knife edge pole piece 
Pi of the magnet and condensed on the glass plate P. This specially 

X 

y 

/ 



(a) (b) 

Fig 1 1 35. The Stern-Gerlach Fig. 11.36. Pattern of Silver 

Experiment. deposite. 

shaped magnet had produced the non-homogeneous magnetic field, 
the field was much stronger near the edge than elsewhere. Thus the 
e5r cz was large near the knife edge The silver atoms vere not 
deflected by the Lorentz force, as they were electrically neutral. 

The silver atom has a single electron outside the closed shells. 
The orbital angular momentum of an electron thus produces a 
magnetic dipole moment. On account of it, the silver atoms may be 
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considered as small magnets. Suppose that the beam of atoms 

x-axis across a nonuniform magnetic field parallel to tL z-S Then 

d re?Uon i?the f magnet c moment in the 

direction of the field are deflected by a force Fz=mz dB Idz The 

amount of the deflection depends on the length of the atom’s path 

and on its velocity. The measurement of the distribution of silver 
deposited on the glass plate will give the value of the nu. 

axis its magnetic 

axis inclined at some angle to the field and executed a Larmor 

the atoms thus a continuous distribution of m, values will be expec- 

out into a continuous band [Fig. 
*1 J6 (a)j The observed silver deposite is shown in Fia. 11.36 (A). It 

components of one parallel to B^and one anti- 

fr. th ’ proof that the directions of m with respect 

^ This may be explained quantum 

Jh '''* normally in a IS,/, state (g-2), 

riirr-oM*^ % and a magnetic moment in the 

n/ = l Bohr magneton, and the other half 

K ‘ ^"u — I Bohr magneton. The silver 

beam is thus broken up into separate beams and forms on the target 

a senes of distinct spots one for each possible value of A/j. 

n 20. M AGNETOSTRICTION 


The magnetostriction is the phenomenon which refers to the 
changes in the dimensions of a ferromagnetic material due lo the 
magnetising field. The longitudinal and transverse elfects when the 
specimen is magnetised in a specific direction were first observed by 
Joule, hence are called Joule effects. If the magnetic specimen exhibits 
a bending effect due to the magnetising field, such an effect is called 
Kiuiilemin effect If the specimen material is twisted when subjected 
to circular and longitudinal magnetising field, such an effect is called 
Wiedemann effect. There are changes in volume due to the magnetis- 
ing field and thus the modulii of elasticity of a ferromaanetic 
material. 


The reverse effect, known as Villari effect, is also seen as a 
change in magnetic induction due to (/) changes in the longitudinal 
and transverse mechanical stresses and (//) the bending and twisting 
of ferromagnetic material when placed in a magnetic field. 

The Joule effect may be demonstrated easily by placing an iron 
rod inside a solenoid. On passing a current through the solenoid, 
it is found that the rod lengthens first, then decreases and 
becomes shorter than in the unmagnetised condition. The change 
in length dl of the rod of length I is observed by pressing 
one end of the rod against a rigid support and by putting the 
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other end on a bent glass tube 
to the vertical limb of which 
is attached a mirror. As the 
length of the rod increases the 
limb of the tube rolls along 
and rotates the mirror. The 
rotation in the mirror is 
measured with the help of 
lamp and scale arrangement. 
The variation of dljl with the 
magnetising field B is shown 
in Fig. I ..37 for Fe, Co and 
NL 



Fig. 11.37, 


™ag"efostriction alloy (54% Fe, 
j 6% /V( and 10% C/-) is placed in a soler.oid and an alternatine 
current IS allowed to pass Fora particular length of the rod. it is 
possible to produce resonance. The experimental arrangement of 

this tpe IS called magnetostriction oscillator and is used in echo 
sounding devices. 

11.21. MAGNETIC CIRCUIT 

A magnetic circuit is the closed path taken by the magnetic 
flux set up m an electrical machtne or apparatus by a magneUzins 

chipfl ^ P'^f'i'anent magnet. It^consists 
chiefly of some ferromagnetic material. The magnetic circuits may 

be Cassifled as : (t) undivided and (/i) divided. The type of circuit 

lL^^i^c7a^;SrlT^^ 

o.. undivided magnetic circuit cariies one and the same flux 

across its all parts Its simplest example is the toroid or Rowland 

SidarwSiig' •“ “'"<1= -te 

symmetrical and unsymmetrical. The former 

Let us now discuss the two simple cases : 
material mglMd’Sy a cmmlfuin ferromagnetic 

^H.t^l==M. 



512 


Electricity and Magnetism 


« 

As the line integral of electric field E over a circuital path is the 
electromotive force (emf), hence by analogy, the line integral of H 
is termed as magnetomotive force (mmf). 

/. mmf— 

If A is the cross-sectional area of the ring specimen, then the 
magnetic flux 

^=BA=imHA or H—^lnA. 
mm^-=iHdl=i<^dll^A=^jdllij.A=^Nu ...(104) 

O is taken outside the integral as we consider it to be essenti- 
ally constant at all points in the circuit. The Eq. n04) shows that it 
is analogous to the equation for a series current circuit (/.e., Ohm's 
law). 

emf=Current X Resistance=ifp (dljA). ...(105) 

The Eqs (104) and (105) suggest that 

(a) The magnetomotive force (fH ^^I)is analogous with emf 

(ifE.^1). 

(b) The magnetic flux O is analogous with current i in Ohm’s 

law. 


(c) The magnetic resistance, known as magnetic reluctance 
{^dljjj.A) is analogous with electric resistance {jpdljA), provided Ijfi 
corresponds with resistivity p. 


4 

• • 


or 


romf= Flux X Reluctance, 


Total flux (D= 


mmf 

Reluctance 


Ni 

idljixA ‘ 


...(106) 


However, this analogy is only in the form of the expressions, 
as there are following points which show dissimilarity between 
magnetic and electrical circuits : 

{a) In an electric circuit the electric current is a flow of 
electrons tor ions), but in a magnetic circuit there is no flow of such 

particles. 

{b) In an electric circuit, energy is expended as long as the 
current flows, but in a magnetic circuit energy is expended in 
establishing the magnetic flux and not in maintaining it. 

(c) At a given temperature. Tie resistivity p is independent of 
the current strength, while the corresponding quantity m 
reluctance varies with magnetic flux O. 

If the magnetic circuit is made up of a number of components, 
i.e., various types of ferromagnetic materials and possibly air gaps, 

. then the total reluctance, 
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dl 


h P ^ ^ ^8 

M 2'^2 /^ 3^3 


I 


I 


...( 107 ) 


fiA (^ 1^1 H’sAs ^ jiA 

This indicates that the reluctance of a magnetic circuit is the 
sum of the reluctances of its parts, similar to the resistance of an 
electric circuit which is the sum of its component resistances. 


/Mw/=<I)xX {l|^LA). 


( 108 ) 


This formula for magnetic circuit is used by engineers for 

calculating the number of ampere turns in the winding required to 

produce a desired flux density in electromagnets, motors or in 
dynamos. 


us consider an electromagnet, the 
vertical portions of the iron core are wound with coils of wire 

carrying a current /. Most of the lines of the B field are confined 
o the core and the air gap. The H field due to the current / in 
me coils (He) is everywhere clockwise in the core, but not have 
same magnitude at all points. The poles set up a demagnetizing 



^ig. 11.38 

field Hp which at all points in the core is opposite to He 

point is the vector sum of the fields H.v and Hs due to 
south poles at this point. ^ 


Hp at any 
north and 


'^"^^actanalyticsolutionoftheproblemisvervf,,^- 
this let us neglect any leakage of flux, ^f the flux Tic 

A, at all points and the air-gap is of Lrae 

flux densities in the core and the gap are ® '^oss-section A^, then 


Bi=<tlAi and Bi=<t:/A 
The corresponding values of H are 


...( 109 > 
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and ...(110) 

If /i and /« are the path lengths in the core gap and the air eaD 
respectively, then ^ 


As H is the vector sum of He and Hp, hence 
where N is the total number of turns in the winding. 



m 


...( 111 ) 


A- . . ^^Snetic flux in the air gap is equal to the mmf Ni 

divided by the sum of the reluctances of the iron yoke and of the 
air gap This is a general relation. It shows that the reluctances 

in a magnetic circuit add in the same way as the conductances in an 
electric circuit. 


11.22 MAGNETIC FIELD ENERGY 

The energy is required to establish the masnetic field. If a 

source of supply is applied to a circuit, the current / through the 

circuit can be expressed as 

So-\~€=rR, 

where ^0 is the emf of the external source, £ the induced emf, and R 
the resistance of the circuit. 

The work done by the source in moving the charge increment 
dq {=Idt) through the circuit is 

&odq=^^ldt=~^Idt-\-l*Rdt 

^Id<i>+PRdt ..(1]2) 

The last term !^R dt represents the energy dissipated as heat in 
the circuit resistance. The term I dq> represents the work done 
aizainst the induced emf in the circuit. This work done is positive 
when the flux change d<^ ih ough the circuit is in the s^me direction 
as the flux produced by the current /. 

When the circuit is connected to the energy source, the current 
rises gradually from zero to its maximum. In this process the gradual 
change in the flux linkage occurs. If / is the current at any instant 
and dil) the increment in flux, the increase in magnetic field energy 

dW^=^id^. 

Thus the magnetic field energy corresponding to the current I 
and flux cD may be obtained by the area between the /, O curve and 
the axis of p. 




...( 113 ) 
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In the case of an electric circuit of constant inductance 


In the case of a system comprising two magnetically coupled 
circuits 


Wi^u+ PFa2M± 


...( 115 ) 

where Li and Lg are the self inductances of the first and second 
circuits and M the mutual inductance. 


Similar to the electrostatic energy. The energy density in a 
magnetic field 


...(116) 


Exercises 


Example 1. Calculate the force acting on a dipole placed on the 
axis of the current carrying loop of wire. 

Consider a small magnet (dipole) of magnetic moment m 
placed at point P, at a distance x along the axis of a loop of wire 
of radius a, carrying a current / The magnetic field at P due to the 
current is 

It is along the axis of the coil. The magnet will therefore 
experience a couple. The torque due to this couple is 


x=mB 


sin 0= 






sin 6. 


This couple will tend to reduce 0. If the centre of the magnet 

is fixed at P and the magnet is free to rotate about P, then the 
equation of motion is 



fjLoia^rn sin 6 


d'^0 ^ poia-m 

2J(a^+x^pi‘ 


sin 0=0, 


where / is the moment of inertia of the dipole. If 0 is small, then 

sin 0^0 and the above equation may be written as 


dt^ 


+^20=0, 


where 


Poia^m 

2/(a*+xV/2 * 


It is the equation of S.H.M, If / is known, the measurement 
of time period gives us m- 
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If m lies along the axis OP. In this case no couple acts on 


F=m 


0a: 


(a*+A:*)W2 


Example 2. rivo *ywa// magnets are kept at a distance r from 
each other, their magnetic moments Mi and M, inclined at angles 
1 and 0a with the line joining them. Jf r is greater than the size of 
each magnet, calculate ; (a) the torque acting on each of them, {b) the 
^^^perienced by each, and (c) the mutual potential energy of two 

We know that the potential energy of a magnetic dipole of 

magnetic moment M and placed in a magnetic 
field B is 

U= — M.B= — MB cos 6. 

Magnetic field B at point B due to magnetic 
dipole at A is having two components 2^j.pMy 
cos ei/47?r3 along AB or r and ixpMi sin 6 i/ 47 t/-* 
along normal to r. If this field B is assumed as 
the resultant of Bi along and -5, along 
then 





Fig. 11.40. 


and 


Bi sin 01= — 


B, cos 0, + 5.=^^‘' 

Aizr^ 

\^qMi sin 


4Tcr 


_ H'qMi 

Zji— — :.3 


and « =3 /x_oM, cos 


* 4„r8 

Hence in vector form, magnetic field is 

g y-o Ml 3/xo(Mi . r) r 

47^r^ 47Tr* 

of the magnet M^, in the field B due 

to magnet Afi is given by 

(/— _]yj g . r)(M 2 ■ r) 

" ■ 47t/-s 47rr® 

When the magnets are coplaner, this becomes 

U=fj,oMxMf [cos ^ — 3 cos cos 02]/47;r®. 


Torque exerted by dipole Afi on Mt is 


'C’l2 = M2 X B 


=M,x[- 


yo M 

47cr3 


1 3^to(M] . r) t 1 

47cr^ J 
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or 


_ _ M 0 M 3 XM 1 ^ 3/^0 (Ml . r) (MjXr) 

4,rr« + 4^^;^ 

In the special case of coplaner magnets, we get 

„ _ 3,10 A/, cos Bj sin 6 


4Tcr 


+ 




~ 47 tr“ 01 + cos 08 sin 0i+3 cos 0i sin flj 

=p.oMiM^{2 cos 01 sin d^+cos Bj sin 0 i]/ 47 cr 8 . 

It must be 1 to the plane containing Mj and B. 

U torque acting on Af, by Af, is not same as that on M, by 

-Ati. The expression can be similarly obtained and is given as 

" 2 i=,ioMiAf 8[2 sin 0i cos Ba+sin 08 cos 0 i]/ 47 tr*. 
us compute the force exerted by Afi on AT, tending to move 

Sr Tta foS jKn'S"- “ IWacemeK 

F,8 . Sr=-SC/=-S[,ioMi.M,/4nr3-3,io(Mi.r) (M8.r)/4nr«] 

Vo (Mi.Sr)(M2.r) + 3 /x o(Mi.r)(iVl8.Sr) 


47j:r 


4nr® 


15jUo(Mi.r)(M ,.r)§ r 
4rcr® 


or 

where 


Fii— (ar+31VIi4-YMj)/4Trr^, 

«=3/xo[([VIi.M 2) - 5(Mi.r) 
P=3/xo(IVl2 . r) and y=3iio (Mi . r). 


angleFt°'a!d J JiZrf f 

ngies Vi aud 08 wth the line joining their centres. Show that the line 
ttheTatfo' " ^hem divides the Une of Ze^e, 


[tan 0S+2 tan 0i) : (tan 0i+2 tan Bj). 

t ^ m m 


P.ac=(2 P-IY-* » "A" “/r^'cASrrfrS 

Singirrt- £“rirls"‘‘ “■ ““ '■> » 

for« cuts r4B at P, such that AP=Ar and 
A topZi of the origin from 

waJ?sh ^ “ust 



''■2i+MrXFi,=0. 


Fig. lUl. 
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Similarly T2i->rXF2i=a2i+^rXFia=0 

Using relations for torque from example 2, we get 

2 sin 03 cos g?H-sin Gg cos 0] 

/A 2 sin 62 cos 61 + sin 0x cos 62 

_2 ta n 01 +tan 

2 tan 0a-f-tan 0i 

Example 4. >4 co/7 c/* turns and 2 cm^ area of cross-section 

carries a current of 10 amp. If it 
is kept in such a way that its 
magnetic moment M is parallel to 
the horizontal component of earth's 
magnetic field H. Calculate the 
radius of the horizontal circle around 
the coil at which the total horizontal 
field is everywhere radially directed. 
Given H=3 x 10'^ weberjmeter^. 

Let the x-z plane be the hori- 
zontal plane and let the horizontal 
component 0/ earth magnetic field 
Bn is parallel to the +ve z direction. 
Magnetic field at point P due to the 
magnetic moment M is 

cos 0/4:i:r® 

Fig, 11.42. and Bg^y-oM dlA^r^, 

If the magnetic field is radial at point P, then 

BQ=Bn sin 0 
or yaM sin ^/4:tr*=5H sin 0 

r=RMyoMIAv^B^]^^\ 

In our problem M=iAn 

= 10X2X10-4X200=0.4 
/■=[4tc X 10"’ X 0.4/h7i: x 3 X 
=0.11 m. 

Example 5. Prove that the radius of the orbital motion of an 
electron around its nucleus remains same, whether the magnetic field is 
applied or not in the direction l to its plane of motion. 

We know that in the absence of magnetic field, the electro- 
static force between the nucleus and electron is balanced by the 
centripetal force. Thus for an electron of mass me, radius r and 
linear velocity v, we have 
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Electrostatic force F=mev*lr=m$ra)^, 


When a magnetic field is applied the angular velocity changes 
to tu+coL (Here sign of wl will depend on the direction of B with 
respect to the original motion). In addition to it a new force 
e (vXB) is applied to balance the new angular velocity. Thus in 
the presence of magnetic field 


f=:meri (X) + o)i.y + evB 


=^mer(i}^-\-mer(jjij^ \- Inter aj<jjj^-\-erojB-\-er colB, 


As ( 1 ) 1 .= —eBllme, hence third and fourth terms cancel, leaving 
^=/ 77 erco®-hterras consisting ojl and As o-l *=^ 0 ), hence we have 
same value of electrostatic force for equilibrium, or the radius of 
the electron orbit remains same. The magnetic field only causes 
change in velocity. 


Example 6. A sphere of radius r carries a charge q. distributed 
uniformly over its surface If it is rotating about an axis of sphere 
with angular velociry a>, calculate the magnetic moment of the sphere. 


The magnetic moment of a charge q of mass 
momentum L is given by the Eq, M=qLI2m. 

The angular momentum 

L=mvr=mr^(jj, 

M=qr*o}l2. 

Let us consider the given sphere as consist- 
ing of narrow discs, The area of one disc=27cr 
sin 0 rd^. As charge is uniformly distributed over 
the surface, hence surface charge density 

a— g/4nr*. 


m and of angular 



Charge on the disc=2T5r* sin0 f/0a 

q sin 0 dd. 

The magnetic moment due to this disc 

dM={i q sin 6 d^) (r sin 0)® aill 
—iqmr^ sin® 0 d$. 

Total magnetic moment of the whole sphere 

= Jo i^cor*sin® 0 dO 
=iqoir^AI3=iqo>r^, 

Example 7. In the Rowland ring 2.0 amp current is passinB 
through the winding of uiumber of turns per unit length 10 turnslcm 


Electricity and Magnetism 
^Hnetic induction measured is LO weberlm\ Calculate (d\ H (h\ M 

As H is independent of the core material and is given by 
^f=«,=(1000 turns/m) X 2.0 amp=2000 amp/m. 

M is zero where no core is present. In the presence of core 


M 


i^ZZ.I±qH)_ 1.0— 47;X1Q~^X2X10 ^ 
^0 4rt X 10"'' 


—7.94 X 10® amp/m. 

Effective magnetising current 

, H 7.94X10® _ 

n 2U0u 

The relative permeability 


H 


397 amp. 


Mo// 47 cX10-'’x2000 


397.7. 


Example 9. The magnetic field of 20 CGS units (emu or oersted) 

^of cros^ or maxwell) in a bar of iron 

If the bar ’ permeability and susceptibility 


o_ O 2400X10-® 

A -o7no^=l-20 weber/m». 

The permeability of the bar material 

B 12 

1^"" if ~ 20 1 An X 1 0-®' ^ ^ ^ henry/meter. 

The magnetic susceptibility and the permeability of a material 
are related with each other as 

M=Mo(H-Xm) 

V / 1 7.54x10-** , 

or 4^x10 -^ -1=600- 1=599 mks units. 

Example 10. An iron rod 20 cm long, 1 cm in diameter and of 
a permeability WOO is placed inside a solenoid 1 meter long wotmd 
unxforrnly with 600 turns. If the current of 0.5 ampere is passed 
through the solenoid, find the magnetic moment of the rod. 

We know that B, H and M are related with each other as 
B=po (H+M). 
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Since B — y.H — where p is the permeability of the 
material and p,r its relative permeability, Hence 


M 




MO 


Mo 


(Mr-1)^. 


In a solenoid of n turns per unit length carrying a current /, the 
lagnetic field intensity H is given by the relation 

H^ni. 

M=(fir — ])ni. 


The substitution of the numerical values gives 
M=(1000 - I) X 600 X 0.5=299700 amp/m. 

As the intensity of magnetisation is defined as the magnetic 
moment per unit volume, therefore the 

Magnetic moment=A/x volume=M xicrV 


=299700 X 3. 14x (0.5 X 10~2)2 x 0.20 
=4.71 amp. m^. 

Example 11. Prove that the tangential component of His dis- 
continuous across a current sheet and its normal component is continuous. 

The surface of a closely wound solenoid constitutes a surface 
current sheet. The line integral of H around the contour or the 
closed loop is equal to the total current passing through the loop 

passing through the surface \ S (say). If the enclosed current has 
a volume density Jv. then we will have 

jcH.d\=l ]vdS. 

If the contour (or loop) is 'of rectangular shape of width very 
small /i and length A/. The ends contributions are negligible and 
the line integral is mainly due to long sides. 

/ll=jv 0 S=Jvh{ASIh) 

=jv h A/=>AA 

or Hit~- 

Thus the tangential component of H is discontinuous across a 
current sheet by an amount equal to the surface current density. It 
is same as that of D at a polarization current sheet. 

One can prove very well that the normal component of H is 
con inuous across the sheet as the normal compon^ent of B s 

continuous and H=B/mo. 


*2. An iron ring of mean circumference 60 cm and 
cross sectional area 8 sg cm is wound uniformly with a primary coil of 

240 turns. A secondary coil containing 10 turns of insulated wire is 
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wound over the primary and is connected to a ballistic galvanometer 

the total resistance of the secondary circuit being 200 ohms. When a 

Current of 2.0 amp. flowing in the primary is reversed, the galvanometer 

gives at irow of 60 scale divisions. When a condenser of capacity 2 OuF 

charged to potential uf 25 volts is discharged through . the galvanometer 

the throw IS 40 scale divisions. Calculate (a) the magnetic field in the 

primary, {b) the magnetic inductance in the iron and (c) the permea- 
bility of iron. ^ 

The magnetic field intensity H in the primary is given by 
H=nii—{Nyl2Tzr)i 

= (240/60 X 10'“) X 2.0=800 amp. turn/meter. 

If /X is the permeability of iron, the magnetic induction in it is- 
given by 

When the current in the primary is reversed the charge passing 
in a secondary circuit of total number of turns N and having a 
resistance R is given by 



2 NBA 

V 

R 


2 X 10 x 800 ;xy 8 xi 0 -^ 

200 


6.4 X 10"® u coul. 


If K is the ballistic constant of the galvanometer, the deflection 
0 due to this charge is given by the relation 


q=^K^. 

or 6.4xl0-®^=/c:x60. -.(0 

When a condenser of capacity C is charged to a potential of 
V volts, the charge q is given by 

q^CV=^Ke' 

or 2.0 X 10~®X25=A'X40 or A’=1.25x 10~® coul/scale division. 
Substituting this value of K in equation (/), we get 


or 


6.4 X 10-V= 1 -25 X 10'« X 60 

^=11.72X10-^. 


• • 


-5=800 /x=800x 11.72x10-^=0.9375 v^:b./m®. 


Example 13. Calculate the hourly loss of energy in the iron core 
of a transformer, the hysteresis loop of which is equivalent in area to 
2500 ergsjcc. Given frequency 50 cycles j sec ; density of ion 7.5 
gmjcc and weight of the core 10 kg. 

The volume of the core=M/p=10/7.5x 10‘*'^=L33 x 10'^ • 


The energy loss in the iron core per cycle/cc 

=2500 ergs/cc=2500X 10“^ joules/m® 
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The energy loss in the iron core per cycle 

=2500 X 10"^ X 1.33 X 10“^ joule. 


Number of cycles in an hour 

=60X60X50=180000. 

The hourly loss of energy in the iron core 

= 2500X 1.33 XIO'^X 180000 
= 5.985 X iO’* joules. 

Example 14. When 23.15 gm of NiCl^ are dissolved in 100 gm 
water, the density of the solution is 1255 kgjrn^. Show that the maxi- 
mum height of a column of the solution which can be supported by 
magnetic force, when one surface of the column is in a uniform magnetic 
induction of 1 wehln'^ is 3.0 mm. Given that the susceptibilities of I kg 
of NiClf and water are 0.438X 10^^ and -0.009x10 ^ respectively; 
volume susceptibility of air —0.4 X 70"®. 

(Since 23 1 5 gm. of NiClg is dissolved in 100 gm. of HjO, the 
mass susceptibility oi the solution is given 


{l5ol)ma8s =ZiX 


mi 


1'. 


m 




„,43S X 10- X 51;^ +( 


0.009 X i0"®)X 


100 


123.15 


=7.5028X 10"®. 

{fkzoi)voi—{^/,.io{)ma«s X p=7.5028 X 10“® X 1255 
=9.416X10"®. 

The column of the solution is balanced by a magnetic force, if 

R3 

g(p — (T)/i = J/X(j(X.(,i — Xa)//* = |{X3oi— Xu) — 

Mo 

or h^(X8oi-y^)Bf2 Mo g (p-a). 

Since the air density a is negligible in comparison to p, the 

density of the solution, hence the substitution of numerical values 
gives 

A=(9.416X10~®-0.4x 10"®) xl3/2X(4X 3.14X10“’) 

X9.81X1255 

=^3.03x 10"® meter=0.303 cm. 

Example 15. A toroidal winding of N turns surrounding a 
ferromagnetic specimen in which a narrow gap of width d has been cut. 
Calculate the value of magnetic field both in the gap and in the material. 

Let us consider a toroid of mean radius r and of circular 

cross-section with a radius a(<<r). The tangential component of' 
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respectively. Using Ampere’s circuital Jaw for H, we have 

§U.d\=2-Kr H=Ni or H=Nil2nr. 

^ section of thickness d is removed from the toroid 

Sid /f k Sns « ■ 'fu '!) Of the toroid. The 

senttheL iZ^tM the toroid. Ifwe repre- 

eni tnese nelds as Ha and Ht respectively, then 


§H.d\=Hi (2v:r-'d)+Had=Ni. 


or 


B 


27rr 


or Hi 


B 


-^)+ 

Nifxo 


5 

f^o 


d~Ni or B 


A^z>^o 


fi 27cr/io+(^ — 


and Hg 


_B Niix 

/to 2TCr^o+(/t— /to)^ 


due toSe°rman^Jnf problein the current i=0 and the B and H are 
Que to permanent magnetization. Hence 

Hii2-nr - d) - H,d=Q> 
or Hi=-H,dl{2i,r-d). 

the filldTnShP^ai^ inside the toroid must be oppositely directed to 
Bis rnnt‘ ^ B in the same direction as the 

oppos“eirdr4d“ 

^ ring of mild steel having a mean dia- 

mrZ i sectional area of 2.5 sq cm is wound with 500 

wns oj y^ire Calculate (/) the reluctance of the magnetic circuit and 

of 25000 lines. ( ^ for mild 

steel=800 in CGS units). 

The total reluctance of the magnetic circuit is given by 

f 2X3.14X10x10-2 




(800X4X3. 14X10-’)(2.5x10-^1 

=25x10® amp turns/ web. 

The total magnetic flux linked with the magnetic circuit 


m.m.f. (Ni) 


Reluctance 


or current / 


d)X Reluctance 
N 


/=(25000x 10"®) (25 X 10®V500 
= 1.25 amp. 


, 17. Calculate the current required in the winding of 

toroidal ring of mean length 50 cm and of cross sectional area 
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4 cm^ to produce a flux of 4 X 10’^ weber in the ring. Given • the no of 

mr/ij ^ is 200 and permeability of iron at this flux density is 

'^bjAmps.m. If an air gap of O.l cm length is cut in the 
ring, find the value of current required to maintain the same flux. 

Flux density ~ — I y^blm^ 

^ A 4X10"^ lyvoim. 


Hence the reluctance R 


I 


0 5 


pA 65X 10"‘*x4x 10'^ 

= 1 .92 X 1 0^ amp turns/weber 
Magnetomotive force (mmf ) = FIux x Reluctance 

=4x10-^X1.92x10^=76.9 amp turn 

If the ring is wound with 200 turns, the current required is 

=76 9/200=0.385 amp. 

of the’Lrlap is®''’ reluctance 




I 


10 


-3 


^0^4 4:rX 10~’X4X10"^ I.99x 10® amp turns/weber. 


As 0.1 cm js negligible in comparison with the total Jenpfh nf 
the ring, hence the reluctance of the ring will be same. ^ 

.. Total reluctance of the entire circuit=1.92x 10®+1.99x 10® 

_ Hence Ihe number of amperee re,"„L*'fe i X 
-S'amp.'’ corresponding current is %n.%lm 

nent magnets.* As th=*e”nds%flhe“pmS?if 

sources or sinks of H, hence the flnr r,f h either 

not necessarily equal to zero. Since there are neitLr surface is 
nor displacement currents, hence ^ neither free currents 

dl—HiLi-\- HoLa ~ HmLm~0, 

air gap and the pSanen®’ mag’ntts^ 

than of the air gap, hence H,L, is negligible^Jd 

Hm! m^HgLg, 

cross Lion.’'''"'®" the flux C is same over any 

AtBi=AtBg=AmBm-^ 
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^ As for an alloy Alnico, the energy product HmBm is maximum 
^t;2>m=0.80 tesla and 2ym=3.6x 10^ amp turn/meter. Hence the 
area of cross section of the permanent magnet. 

Bm 


m~ — 


48Xi0-^Xl.5 ^ , 

— =9x meter^ 


0.80 


Length of the magnetic region Lm=HoLolHm=BgLolp,QHjn 


1.5X10'* 


47cX10“’x3.6X10 


0.33 meter. 


Thus we require two permanent magnets each of about 16 cm 
long and of 11 cms dia. If the magnets of suitable shape are not 
available, smaller magnets may be used in series and parallel 
combinations. 


Oral Questions 

1. Why cannot one obtain an isolated north or south pole by breaking a 
magnet into two pieces ? 

2. Why is diamagnetism, unlike paramagnetism, relatively temperature 

independent ? 

3. Is the saturated magnetization for a paramagnetic substance very 
much different from that for a ferromapnetic substance of the same size ? 

4. A hollow cylinder is uniformly magnetized in the direction parallel 
to its axis. How are 5 and //affected by the introduction of a cylinder of 
ferromagnetic substance inside the former ? 

5. Name the corresponding quantities in magnetostatics, of the follow- 
ing electrostatics ; Ey D, and P 

6. Name the corresponding quantities in magnetic circuit of the follow- 
ing quantities in electric circuit ; 

Current, Current density. Conductivity. Electromotance, 

Resistance, Conductance. 

7. Why is the magnetic susceptibility of diamagnetic substances 
negative ? 

8. What are the main differences in the boundary conditions for electro- 
static fields, and magnetostatic fields ? 

9. Why does a magnet attract small pieces of iron ? 

10. How can you distinguish two identical bars, one is magnet and other 
is not ? Please uotc that you are not allowed to suspend either bar or to use 
any other apparatus. 

11. Two iron bars attract each other, DO matter in which combinations 
their ends are brought near each other. What do you conclude about their 
magnetization ? 

12. Why do you use substance in the form of an anchor ring while going 
to draw curve ? 

13. How can you demagnetise magnetic substance completely ? 

14. How can you explain hysteresis loss ? 
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. ^ physical properties are important to note when choosing the 

materia! for electromagnets. 


Proble 


M 


s 


1. A cylindrical bar magnet of radius a and length 2/ is uniformly 
magnetised along its length with intensity I. Show that at a point on the axis 
a distance from the centre of the magnet 

= y + (a: — /)2]^ 'H + ('x + /j2]l/2-|-2/}. 

2. J wo similar permanent magnets A and B, having magnetic moments 

Marearrangedinsucha way that their aves are mutually X to each other 
They are separated by a distance (ri + Ar.), large compared with their lengths A 
co^mpass needle is placed a distance xi from one magnet and a., from the other 
The needle makes an angle 0 with the direction of iirst magnet. Prove that the 

ratio .vi/A-*-(2cot ® 


•1 annealed iron ring of mean length 15 cm is wound with a toroidal 

coil of 100 turns. Determining the magnetic induction in the ring when the 
current m the winding is (a) 0.1 amp. and (6) U.2 amp. 

(0.25 Keberlm^^ 0.95 weberim^) 

a A c/ magnetic molecules lie in one plan-, their axes making an angle 
e and e with the line joining the molecules. Show that the coupfe on the 
second molecule due to first will vani-.h, if ^ “ 

tan 0 + 2 tan ^'=0. 


5. Two small magnets of moment M are placed at the corner? >4 p o 
square ABCD with their axes in the directions AB aad BA respectively"^’ ff wo 

other small magnets of moment W free to turn about their centres at r n 

take up positions of equilibrium with their axes along AC and BD Prove t hit 

the ratio of A/ to A/' IS 2 : 1(^/2— !). ^ ruve mat 

6. A specimen of unmagnetised iron of volume 20 cc is nI;irpH o 

magnetic held of 50 oersteds: If the magnetic moment produced n n is 6000 
cgs units, hnd the flux dem ity ,n it. (0.iW5 

7. A magnetic field of 40 emu produces a flux of 2500 emu Jn • 

rod of 0.5 sq. cm. area of cross section. Cahu'ate maLetic nTmiah'i w ""“S 
susceptibility of the rod material. U J7 x W^nryl 

. 8. The susceptibility of a gm mole of helium gas is — 2 4xin-iircr 

units). Show that this corresponds to a value for the mean square distance nf 

each electron in the helium atom of 1.22 where ao is the radius nf tl I ^ 
Bohr orbit in the hydrogen atom and having value 0.528 x m 

9. Rayleigh found that at low values of the maenetir 
hysteresis loop with tips at B„.. and -Bo. -//„ is desenbed by the equatione 


ana 


B=^H+ia (Ho^ - upper half of loop 

— lower half of loop. 

Show that the energy loss per cycle represented by the aren r,f ft... i 
each unit volume of the specimen is {4/3;i7//o3. ^ 


m 


10 . Calculate a value for the loss of energy dii<=* tn 

of iron are subjected for 1 hr to cyclic n agnetic changes nf ^ 

cycles/sec. if the hysteresis loop represents a loss of 2 5xfo3 e?g cm-^a^rv^y 

The density of iron-7.8 gm cm-8. " 

(1.44x10^ joule) 
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5 X 101 erg find the nse in temperature per minute. ® ^ l2^^K) 

n-H ^ generator, made of iron, has a hyteresis 

radius lO^rm^ If 5x10 units. The core is cylindrical of length 40 cm and 

nXe of 1 a™ature rotates at 100 revolutions per sec, find the rate of 

konll'Tnd speVS^^^ 


radiiiioil x”in-fu m°?J“ A"i hydrogen circulates in the orbit of 

r dius0.5l 10 meier. Calculate the change in magnetic moment for this 

h®'d of induction 2.0 weber/m= acts at right angles to 
the plane of the orbu. 7 ^ lo-^^ampjnfi) 

/- ^ w/u ■ ^he earth has a magnetic dipole moment of 6.4xl0^i amp m“ 
If What current would have to be set up in single turn of wire goinrarou^d 
earth at its magnetic equator, if we wished to set up such a dipole 7 

(J X /o’ amp) 

hnr s moment associated with an atom of iron in an iron 

bar IS 1.8X10 amp. m“. Assume that all the atoms in the bar of length 
Scmandofcrosspctional areal cm^ have their dipole moments aligned. 
Calculate the dipole moment of the bar and the torque required to hold this 
magnet at right angles to an external field of J500gauss ? 

(7.5 amp JJ newton meter) 

16. Electric charge q is uniformly distributed over the volume of a sphere 
of radius a. Calculate the equivalent magnetic moment if this sphere spins 
about its diameter with a angular velocity co (gco'- a^l5) 


17. An iron ring 10 cm mean radius and 5 sq. cm. crose section has an air 
gap 1 cm wide. The ring is bound uniformly with a coil of 9C0 turns. A flux 
of 10^ maxwells is required in the air gap. If K for iron is 2000, find the 
strength of current required. (/.tf2 amp) 
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12 1. ALTERNATING CURRENT 

As we have discussed in article 9.8, an induced enif in the coil 
of turns ;V. area A. rotatinc with an angular velocitv w in a uniform 
field B. at any instant t is given by 

TO d([> d 

^~'~~~d} sin ojt ...(I) 


Thus when — sin and ^=0 

ajr = Tc/2, sin wt - 1 and ^- BNAo) 
wf — TT, sin cut-O and 
ojt=3izl2, sin o)t = — 1 and bYAoj 

and wt=2Tc, sin wt—0 and ^=0. 


Here we see that induced emf goes through a cycle, each 
cycle corresponds to one revolution of the coil. Instantaneous value 
of emf is generally represented by e and the maximum value BJVAoj 
as gg. Thus relation (1) reduces to 

«=So •*'■« ...(2) 

It represents a sinusoidal alternating emf at an instant t. This 
will develop an instantaneous voUage v, given by 


sin cot. 



The corresponding current i through the circuit is given by 


i=Io Sin cvt. -.-(4) 

The time of one cycle is known as time period T, the number 

of cycles per second ihc frequency the peak value of current 

or voltage the amplitude, the angular displacement per sec the 
angular velocity oj. 

If an alternating current is passed through an ordinary 
ammeiei or voltmeter, it will record the iiican value for the co nplete 

cycle, as the quantity to be measured varies with time. The a\erage 
value of current ® 
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2r.'co 

0 


Ig sin a)t dt 


0 


dt 


__ Similarly the average value of the emf for the whole cycle 
V =0. Since these averages for the whole cycle are zero, hence dc 
instruments will indicate zero deflection. In each complete cycle the 
average value of current (or voltage) in first half cycle is equal and 
opposite to that in second half cycle. 


In ac, the average value of current is defined as its average 
taken over half the period. Hence 



• <o 


0 


/q sin o>t dt 


7t 


(X) 



Peak value of current. •••(6) 

f 

Similarly Vav~{2!'^)'X Peak v^lue of voltage. 

A dc meter can be used in an ac circuit, if it is connected in 
the full wave rectifier circuit. The average value of the rectified 
current is the same as the average current in any half cycle, i.e., 21 k 
times the maxim im current Iq. The meter can be calibrated 
accordingly. 

Most ac meters are based upon the measurement of root mean 
square value. The quadrant electrometer used idiostatically gives a 
deflection proportional to the square of the applied voltage and the 
hot wire ammeter used for the measurement of current depends on 
the square of the current as the heat developed by a current is pro- 
portional to (current)\ Thus the alternating current is measured 
by the strength of the steady current which would produce the 
same heating effect. The ‘square root of the mean square value is 
called the virtual value and is the value given by ac instruments. 

As 




2n oj 

0 

2tc oj 

0 


sin^ wt dt 


dt 


Virtual ciirrent=^{ /“ — 0.707 Iq, 

Similarly we get Yrms—^olV 2 ==12.101 Vq, 
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Thus when we speak of our household power supply 

volts ac, this means that the rms voltage is 200 volts and its 
amplitude is 

Vo~\'2 K,ms=283 volts. 

The ac instruments are 
calibrated in \irtual volts 
or virtual amperes. The 
ratio 


as 200 
voltage 


rms value _VqI\/2 



curve 


- Tj 7 S ■ 

V\l\ \ \ \ \ \\ 
\ \ ' 




Average value 


2VJr. 
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t 

^i-curv« 


-'- 1.11 ...( 8 ) 


Fig. 12.1. 


2\/2 

is known as form factor. 

12.2. ACTLAL ELEMENTS 

Resistors, capacitors and inductors are named as 
ments. Practically these elements are not ideal or pure, 
has capacitance between its various pans, which can be 
as a small capacitance between its ends a:ul a small series induc- 
tance, which is extremely small when a non-inductive winding is 
used. An inductjnce coil is similar but has a large quality ratio. 
A capacitor has in general a small leakage conductance, represenl- 

^ parallel, and dielectric losses, the effect 

01 which can be represented bv a small series resistance as these 

losses are associated with the same current that charges the 
condenser. 


circuit ele- 
A resistor 
represented 




RESISTOR 

- \wjvw 

c ^ 

HI 


R 


lN '’'., r.TOR 

■ ■Ti'lp ^''/W\A 

^ R 


H ^ 


<6 


CAPAr_ITOR 

—’'/■/NA — nrm — | 

f( 1 


Fig. 12.2. 

Load is a device or element which will draw current from a 

voltage source. The connection of a load reduces the voltage A 

short circuit between two points is a direct connection. To shSri out 

a component a thick wire is connected in parallel with it. Load is 
innnite for open circuit. 
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12.3. CURRENT AND POTENTIAL RELATIONS 

Before proceeding to the circuit analysis let us know the rela- 

current and potential when the sinusoidal voltage is 

app le to the three circuit elements, resistance, inductance and 
capacitance, separately. 

diiT Resistance R. Suppose that an alternating potential 

Th ^ non-inductive resistance R. 

en tile instantaneous value of the current i passing through this 
resistance is given by the relation. 


v= Vo sin oi>t=iR^ 

i~{VolE) sin wt—Io sin or. .. (9) 


quantity VofR, the maximum current or 
ampjjtude /„ ts same as obtained with direct current, 
vo tage both vary with sin t^r, hence are in same phase. 


the current 
Current and 


^ Pure Inductance. Suppose that an alternating potential 
inH ^-~Vo sin ojt is applied across a pure inductor having self 

uctance L. If / is the instantaneous current at any instant /, then 


v= Fo sin ixit—L 


Its integration gives 


di 

dt 


or di = 


L 


sin iot dt. 


i—{VohL) cos cor=/„ sin (wr— 7r/2). ...(10) 

The quantity VojoiL is equal to the maximum current 4. This 
relation shows that the effeciive ac resistance, i.c., the inductive reac- 
^ of inductor, A^L^oiiy and the maximum current Io~VojX-L. 
The unit of inductive reactance is also ohm. The reactance is greater 
for the greater inductance and for the higher frequency or the angu- 
lar velocity o>. It is also clear from equation (10) that the current in 
the inductor lags voltage by 90^ or the voltage across the inductor 
leads the current passing through it by 90°. 

(c) Pure Capacitance C. If a capacitor of capacitance C is 
connected across the alternating source, the instantaneous charge on 

the capacitor 


q—Cv=CVo sin wt, 

and the instantaneous current i passing through it is given by 

i — =CV^(i> cos cot=- / ^ sin (co?+Tr/2) 

dt I/oiC 

=IoSin (cDr+7r/2), ...(11) 

This relation shows that the quantity 1 /cdC is the efrecti\e ac 
vcs\s\ 2 luq^ OT Xhc capacitive reactant e of the capacitor and is repre- 
sented as Xc. It has unit as ohm. It \ aries inversely as the capaci- 
tance C and as the angular velocity w or the frequency of the ac 
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source f. It is also clear that the current leads the voltage by 90° or 
the potential drop across the capacitor lags the current passing through 





< 

< 




A V=lXi. 


1 



^ I 


f V=IXc 


Fig. 12.3. 


it by 90\ The relation between / and v through R, L or C is vecto- 
rially represented in Fig. 12.3. 


12.4. PHASOR ALGEBRA 


We know that the complex 
ac circuit analysis, can be added 
and subtracted like coplaner 
vectors. Such coplaner vectors 
which represent sinusoidally time 
varying quantities are now known 
as phasors. 

If x-axis and y-axis projec- 
tions of a phasor A are known 
as xa and y\ respectively, then 
its magnitude A is given as 

/4 = ...( 12 ) 

The angle between the 
direction of phasor A and the 
direction of the positive x-axis is 


quantities, normally emplo>cd in 



Fig. 12.4 


B = X2Ln-'^(y^|xA). ...(13; 

To distinguish between the x-axis projection and j^-axis projec- 
tion a convenient operator is used which wi 1, when applied to a 
phasor, rotate it 90' counterclock wise without changing its magni- 
tude. Let / be the such operator. When a given phasor A, the 
direction of wh ch is along the x-axis, is multiplied by the operator 
j, a new phasor / A is obtained which will be 90' counter clock-wise 
from A /.e., along y axis. If the operator^ is applied now to the 
phasor /A, a new phasor /lA is obtained which will be along —x-axis 
and having same magnitude as of A, Thus i^A = — A. 

...(14) 

Thus in cartesian form, a phasor A can be written as 

A^a+jb, 

where a is the x-coraponent and b the ^'-component of phasor A. 
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In polar form the phasor can be written as 

cos e^-jA sin B=A (cos B^j sin B). ...(15) 

Here A cos ^ is the jc-component of the phasor and A sin 8 the v- 

component. If the angle is measured in the clockwise direction from 
the AT-axis, the phasor A can be written as 

A=A (cos B~j sin 6). ...( 16 ) 

cos sin is an operator which when 
pplied with a phasor A, along the x-direction, rotates it through an 
angle from its initial position. Similarly the operator cos 0-/ sin B 
rotates the original phasor through an angle- 5. It can also be 

proved that this operator rotates the phasor irrespective of the initial 
position of the phasor. 

In exponential foriT! the phasor A can thus be written as 

(cos 6-Jizj sin d)=A l±6. ...(^) 

Therefore ^±'®=cos d± j sin 6=I±C. 

• A pbasors. The sum of two phasors is a phasor which 

IS delined m magnitude and phase position by the diagonal of paral- 
Jelocram formed by two phasors. 

A+B=C=B+A. ,..(18) 

Subtraction of phasors. In phasor algebra, phasor to be sub- 

racted is rotated through 180° and the addition is done by complet- 
ing the parallelogram. 

Multiplication of phasors. The product of two pbasors is a 
third phasor having magnitude equal to the product of the magni- 
tudes and the phase position (phasor angle) with respect to the 
reference axis equal to the algebraic sum of the individual phasor 
angles of these phasors with respect to the same reference axis. 

A=Aej^^=A jBj. and B=Bej^^=B jBa 

AB=^5cJ'(^-* + '^=)=/45/(?a+0b. ...(19) 

Division of Phasors. When one phasor A is divided by 
another phasor B, it results in a phasor having magnitude A/B and 
the phase position with respect to the reference axis is the algebraic 
difference between the individual phase angles of these phasors with 
respect to the same reference axis. 

Thus A-^B^C= KBa-Bb) 

= I Ba-Bb ...(20) 
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Raising a Power. A phasor may be raised to a given power 
n, an given integer, by multiplying the phasor by itself n times. 

(A)"=>1" /n0A. ••■(21) 

If we want to write potential difference across the inductance 
or the capacitance in the form of phasor, we can write it as under : 

(/) Since the voltage across the inductor leads the current pass- 
ing through it by 90°, hence the inductive reactance wL can be 
written as jo>L, 

(//) Since the voltage across the capacitor lags the current pass- 
ing through it by 90°, hence the capacitive reactance 1/cuC can be 
written as 

~ji<vC=^]jjojC. 

12 5 KIRCHHOFF S LAWS 

For the analysis of complicated a.c. circuits, Kirchhoff’s laws 
are used. These laws are applied as in d.c. circuits (discussed in 
chapter 6), but are defined in complex terms as : 

(1) As there is no accumulation of electric charge in a system 
of conductors, the sum of complex currents entering any junction 
equals the sum of the complex currents leaving that junction. 

(2) The sum of the complex emf’s in any mesh equals the sum 
of the complex potential drops across all elements of that mesh. 
Thus we can add series impedances as 

Z=Zi+Zj+Z,+-**Z„. ...(22) 


The corresponding formula for a number of impedances in 
parallel is found by writing the total current as the sum of the cur- 
rents through the impedance elements. Thus we can write the net 
impedance as given by 



The reciprocal of tne impedance is called the admittance Y, 
thus for the combination of parallel impedances we can write 




Yn. 


..( 24 ) 


In general Y is a complex quantity. Thus 

+ - = ? — ^ ~J^ 

^ Z R->rjX * 

G=RliR^-\-X^) and S=-A'/(R»t-A'»). 
The G is known as conductance and -S the susceptance 
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12.6. IMPERFECT INDUCTANCE (L & R IN SERIES) 

If an alternating potential v—Vq sin <ot is applied to the circuit 
containing inductance and resistance in series (Fig. 12.5). This 
problem can be considered in three ways. 

(a) To write down emf equation for the circuit and obtain a 
solution. If i is the instantaneous current in the circuit containing 
resistance R and inductance L, then 
at any instant r, 

V — £ dijdt~iR 

or L dildt-\-iR=\'—VQ sm oji ...(25) 

There are two parts of the solu- 
tion of this equation and the complete 
solution is the sum of these two : 

(^j) the solution of the equation 
L dijdt+iR^O and {b) any solution, 
which satisfies the equation (25) and Fig, 12.5. 

contains two integration constants. 

As discussed in chapter 9, the solution of the first part is given 

by the relation i = . It becomes zero after a considerable 
time. For the latter, we may assume that the periodicity of the 
current will be same as that of the applied emf, but can forecast 
nothing about its amplitude and phase. Let the solution be 

i=A sin (oj/n-B), •• (26) 

where A and 6 are constants. 



Substituting for i and dijdt in Eq. (25) from Eq. (26), we get 
LojA cos (ojt-{'B)^RA sin (wt+^) = Fo sin sin 

= Fo [sin (6)?+^) cos cos (<ot^6) sin B]. 

This is true for all values of t. Hence equating coefficients of 
sin (wt+6) and cos {wt -B) separately, we get 

LoiA= — Vq sin B and RA—Vo cos B 

tan e = -LwlR and A = + 

Hence equation for the current at time t is given as 


9 

/ 





sin (tt>r -f B). 



The angle $ is obviously negative, so that the best way of 
writing the expression is 



sin (cDt — <f>) where tan ^ = LIB. 


...(28) 
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The amplitude of the current is /o=Ko/\/(i?^ + w*L‘). The 
quantity plays the same roll in ac circuits as the 

ohmic resistance does in circuits. It is termed as Zand known 
as the impedance of the circuit. For very small frequencies, this 
reduces to R, the ordinary resistance and for very large values it 
becomes and is termed as the reactance of the circuit. Relation 
(28) indicates that the current is not in pha e but lags behind the 
applied voltage by an angle or a fraction <t>l2K of a period. 

(h) To draw a vector diagram and solve by simple geometrical 
or anaivtical method. We know that the voltage across the resistance 
is in phase with the current through it, the voltage across the 
inductance leads the current in phase by'^O'. The current must 
obviously be in the same phase in the inductance as in the resistance 
in series circuit. We thus may represent these voltages by vectors 
Fig. (12.6). If the potential difference across the resistance is 
represented by the vector QA. This vector will be in the same 
direction as a vector represcniing the current in the circuit. The 
vector AB representing the magnitude and direction of the pd 
across the inductance is drawn 90' to the current vector OA. The 
positive angle is best drawn in an anti-clockwise direction. 


The resultant vector OB will represent the combined pd across 
the inductance and resistance in series. This will be Z/, where Z is 
the impedance (or the total ac resistance) of the circuit. 


OB=OA+AB. 

On^\^{OA'\'AB-) 

or 

and tan <f>~ 

where is the phase angle of lead 
of the applied en,f over the current. 
These relations are same as obtained 
earlier Eq. (28). 



(c) By use of the operator j. The use of the operator j is 
of very great importance in ac calculations. In cartesian coordi- 
nates a unit vector is taken along Fve x-axis. As the multiplica- 
tion by the imaginary quantity] denotes the rotation of the positive 
unit vector counter clockwise through +90'’. Thus j is along 
>’-axis. 

Let us write the applied peak emf across the resistance and 
inductance in series as equal to the sum of the peak pds across the 
resistance and inductance separately. Thus 

+/V 0 LI, 

V 

^+>L Z ’ 


• 4 


...(29) 
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complex impedance. The real 
part IS often called the resistive or inphase component and the 

reactive or quadrature component. The circuit 

modulus of the complex impedance 
operator and the phase angle by its argument. 

Z=R+Ja>L=:Ze^i>^Z (cos ^+J sin <f>). 

Z=\\R^+co^L^) and tan 4^ = ojLIE, 

Thus the current 


V _ _ Fq 

Z Zc^> Z 
This also represents Eq. (28). 





12.7. IMPERFECT CONDENSER (/ t?., R & C IN SERIES) 

An imperfect condenser may be regarded as a capacitance C 
in series with a resistance R. If an instantaneous emf is applied to 
this circuit consisting of R and C in series then at any instant r, 
when charge on the condenser C is q, we have 

iR-{-qlC=v=VQ sin to/. 


As i=dqldt, therefore we get 



+ 'L-i/ 
dt C 


sin 0 )/, 



This equation is identical in form with that given by Eq. (25). 
The solution will be sum of two parts, one known as complimen- 
tary function which is the solu- 
tion of Eq. Rdqldt -\~qlC=0 and 
other known as particular integ- 
ral. The solution of the first part 

is q = qoe~^^^^* which decreases 
with time and becomes negligible 
after some time. As done in 
earlier case, let us assume the 
solution of second part as 

q~A sin ...(32) 

Substituting for q and dqldt in Eq. (31), we have 
RA<ji cos (6j/-f ^)~f-(/f/C) sin (a)/+^)= Vq sin + — 

Equating coefficients of cos (w/-f-^) and sin (cor we have 
72/lco = — Kq sin 0 and AIC—V^^ cos 9. 

From these relations, we have 

Eq _ V^C 

V(oi^R^ + 1 /C?2) V( I -r 



J s 


V=\^ sinot 






f-? 

VW\V- 



Fig. 12.7. 
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where 

or 


where 






VoC 


^ V(i+o>=/i C-) 

tan d=Ra>C, 


TT sin {(ot-d). 


V.Cw 


dt vd 


COS (wt—O) 


0 = k/2 — 

tan (l> --tan (7t/2 — ^)=cot d^-ljoiRC 


.. (33) 




The current is thus in advance of the applied enif by a phase 
angle of ^ or (ji/lK of a period. The ampliiude of the current 
Io—Vj\/{R--{-]i^'^or) and the impedance is thus gi\en as 


Z-v(/?-4-l C-(o-). 



Since / increases as o) increases, hence at high frequencies the 
circuit transmits considerable current. I'hc impedance is infinite 
for zero frequency, i.e., for dc source. 

It is very easy to solve the problem by using vector treatment. 
We know that the voltage across the resistance is in phase with * 
the current through it and the voltage across the capacitance lags 
the current in phase by QO"*. The current is obviously in the same 
phase in the resistance and capacitance. If the potential difference 
across the resistance R is represented by a vector OA and that 
across the capacitance by AB, then the resultant potential difference 

OB = OA-f AB 

ZI =/?!+( l/o)C) 1. 

05=Z--=V(/2M-l/a>-C-) 
and tan ^ = — I/coC/^ •••(37) 

Here ~ve sign indicates 
that the voltage lags the current 
by this angle <f>. 

Problem can also be solved 
by using operator /. The applied 

pd is across the resistance and capacitance in series. Therefore 





R—jlojC Z ' 

Hence the impedance operator 
Z =^Ze ® — Z(cos 6 fy sin 6) — R ~y/(oC. Therefore 

Z=\/(72*-)-l/(o*C*) and ^=tan“* (— l//?wC). 
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Thus current I = ~ ^ — .jjo. c ^ 

Z Ze'^ Z Z 

where — (l/7?a>C). 

Thus we see that the current leads the voltage or the voltage 
lags the current by the angle given by the relation tan i//?a)C. 

128. CIRCUIT CONTAINING INDUCTANCE AND CAPACI- 
TANCE 

r capacitance C, and an inductance L of 

negligible resistance are connected in series. When the emf V. sin w; 
IS applied, wc have at any time t. 


dl 

dt 


E '*.> + = Fo sin w/. 


becot^es current is defined as given by i=dqjdty hence this equation 

• T ^ ^ ~U ^ ir 

' ' ^ dt"^ ' ~C' — 


or 


d^q 


+ 


V. 


- sin o»t. 


-e 


dt^ ■ LC L 

...(38) 

This is a linear difTerential 
equation of second order, the 
solution of such type of equation 
consists of two parts 1 he iirst 
part, known as complementary 


V=^^) sfncjt 





Fig. 12.9. 


A — ^ ^ t a • AAV VA A J 

function, the solution of Eq. d-qldt^+qlLC—O, which comes out to 
be (/ — ^0 sin [//\/(LC bn/2j. Thus the motion is simple harmonic 
and the frequency /’=I/2:i\/(LC), known as the natural frequency 
of the LC circuit. The second part, known as particular integral, 
can the found by trial method, assuming the frequency as that of 
applied emf. For the second part, let us assume that the solution 
of Eq. (38) is 


q=A sin 


...(39) 


Substituting values of q and its derivatives in -Eq. (38), we get 


A 


V. 


— oj^A sin (wt-y 0 )-i~~-r 7 sin (a>H'^)-“ 7 ^ sin cut 


y„ 

L 

V 
L 


LC 


sin [{o>t'CB)~6] 


L 


^ sin cos 6~cos (cut-y6) sin 6 


Equating coefficients of sin (<o/+^) and cos (ojt-\-0) separately, 


we get 


V 
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-o/‘A + AILC=iVJL) cos d and 0=-(VjL) sin 6. 
, „ . , V,IL 


Thus 6=0 and A 


( 1 ILC 






...(40) 


I — 


dq 


COS tor = 


V, 


sin 


V^= coLI 


V=Vl-Vc 


ixl'O' 


or . sinM+7r/2)..»(41) 

dt XjLC'-^ (I Coj — Z-oi) 

Thus the current is exactly n: '2 out of phase with the applied 
emf. The amplitude of current becomes infinite when 1 \/ {LC), 

i.e., when the ^equency of the applied emf is exactly equal to the 
natural frequency of the circuit. This condition is called resonance. 

The same result may be obtained by vector method. We know 
that the current through the inductance or the 
capacitance is same; the voltage across the a;LI 

inductance leads the current by 90 and the 
inductive reactance is a>L. when the frequency ' 
of the applied emf is w'lrv ; the voltage across V^V^-Vr 
the capacitance lags behind the current by 90*" , 

and the capacitative reactance is \:o>C. Thus { 

we can represent potential dilTerenccs across the ^ 

inductance and capacitance by vectors, as given T 
in Fig. 12.10. From this figure it is clear that 
the resultant potential dilTercnce will be ' ^c~ 7 <^C 
I Vl— Vc I . It will lead if Ff.> Fc and lag if 
Fc> Fl the current by an angle -rr'l. In other 1-»1^- 

words we can say that the combination is equivalent to a single ele- 
ment, either an inductor, or a capacitor, depending on whether the 
quantity (ojL— 1/ojC) is H-ve or — ve. 

Perfect Choke. When an alternating emf v — Vq sin cot is 
applied across inductance and capacitance in parallel. If I be the 
current flowing at any time t at a junction, it will . 

divide in two parts one being along the inductor 
and other along the capacitor. Using phasor T 

algebra, we get i * 1 


I / 


90' 


Fig. 12.10. 


If I be the 


total current I = Ir.4-Ic. 

. V__ V V 

Z yaiL"^l/7^C 
1 I . . ^ 


IL 


or 




+ jc^C. 


Total current I will be zero for all values of t, 
when 

1 jj(jjL-\~jojC=0 

or oj—l/v (LC). ...(42) 

Thus the circuit acts as a perfect choke for 
oscillations of its own natural period, i.e., the 
oscillations of frequency co are prevented from 


T 


Fig. 12.11 
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passing through the circuit consisting inductance and capacitance in 

parallel, when this frequency equals the natural frequency of this 
circuit. 

Hence a filter circuit can be designed t -* transmit or suppress any 
required frequency by connecting L and C, of required values, in series 
for the first case and in parallel for the other. 

12.^) riRCUTT CONIAINING INDUCTANCE, CAPACITANCE 
AND RESISTANCE 

(a) Scries Circuit (Accepter Circuit). Let an alternating voltage 
sin cot be applied to an inductance, a resistance and a capacitance, 
in series. If / is the instantaneous current flowing at any instant, 



fig. 12.12. 



the emfsets up in the inductance Lis -L{lildt), and the voltage 
across the capacitor is q'C, where q is the charge on the condenser 
at that instant. Thus we have 


or 


Vq sin cot~L{dildt)~qjC—I<i, 

L{dildt)-\-Ri+qlC'=VQS\T\ ojt. 
Since i=dqldt, hence this equation becomes 




cot. 



This is a differential equation whose solution consists of two 
parts. The first of these, known as the complementary fimction, is 
found by solving the equation obtained by setting the right hand 
side term equal to zero. If q^ is the initial charge, this solution is 
obtained as in article 9.24 and is given by 
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Three conditions thus arise : 


(/) If R /4L‘>1/LC, the square roots arc real and the discharge 
is non oscillatory or heavily damped. 


\ii) If 7? ;4L^ = 1 ;'LC, bracket terms become 
charge is critically damped, given by relation q^cj^e 


1 and the dis 
(RUPt 


(Hi) if 7? 4/.^< I 7.C, the square roots are imaginary and the 
dischar^,c is oscillating due to the terms within the brackets and 

^ ^ u , ,1 • -(R!2L)t 

damped, as the amplitude IS q^^e 


Thus we see that the first solution becomes negligible within a 
few seconds. As the alternating emf is applied continuously, we 
may assume that the period of alternation of the current or the dis- 
charge will be that of the applied emf. As we can not say about 
the amplitude and phase. Let us thus assume the second part of the 
solution, known as particular integral, as 

q~A sin —(4^) 

Substituting values of q and its derivatives in Eq. (43), we get 
— Lo)'‘/lsin(uj?4-5) T-ffco/l cos(<jjr-i- 0) +■ (/1,'C) sin(t/>?“l' ^)“ Lo sin oit 

— - Ku[sin (cut -f cos d - cos (cut r 0) sin B] 


Equaling coefficients of sinUor + 0) and cos(w/-f-^)^ we get 
— Li^^A + A'iC ^ Ky cos 6 and RioA — Kg sin B. 

Solving the^e equations, we get 


A== 


\ 


/ 


0 


V[/^'<-H(l;C-Lco2)^] 


and tan 0 — — 


Roj 


R 


1/C — L(j^" Loj — 1/Cco 


vlA-o.- r(l/C— W)2j 


sin (<^t-{ d). 


...( 46 ) 


or 


dq 

i— 7 = 




JT^OS (wt-\-B) 


dt “ v[/r*-r(l/Ca.-Loi)2J 




\/ [ + (co L — l/a>C)’] 


,, sin 


where 6 =tan 


, jl/oiC-a>L 

— ton i . — _ ^ . 


H 


and ^ = tan 


. <i»L — 1/cuC 
R 


...(47) 


Eq. (47) can also be obtained by using vector or by constructing 
the vector rotor diagram for the LCR series circuit. If the frequency 
is not too high, the instantaneous current is the same in all parts of 
the circuit. Even in the capacitor we see that the growth of positive 
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charge on one plate requires an equal growth of opposite charge 
on the other plate, which is equivalent to equal currents on both 
sides. Thus a single rotor I, of length proportional to the current 
amplitude is sufficient to represent the current in each circuit 
elements. Since the sum of sinusoidal voltages of the same fre- 
quency is always another sinusoidal voltage, hence we can say 
that the resultant voltage across all three elements is just the vector 
sum of the individual generating voltages and is equal to the applied 
voltage. 

We know that the potential difference across the resistor R is 
in phase with the current in the resistor and that its maximum value 
Vr — IH. Thus Vr is along Ir or I. The voltage across the inductor 
leads the current through it by 90\ The voltage amplitude is 
Xh—f (jiL. The voltage across the capacitor lags the current througlt 
it by 90\ The voltage amplitude is Kr* =/o .Vc=//a>C. These 
voltage vectors are represented by the Fig. 12.12 (b). 

Since Vr, and Vc always lie in the same straight line but in 
opposite directions, hence we should first subtract the smaller one 
^'savVclfrom the greater one (say Vl) giving the vector Vl — Vc, 
which is at right angles to the vector Vr. Thus the sum of vectors 
V can be found by using vector diagram, as 

V=Vn + (Vr.-hVc). 

Its magnitude V[Ku“+(Kr.— K c)-] = /\/[/?^ + (A'l — 


or 


/o 


V. 


u 


X [h^ + (oiL-l/cuC) ] 


...(48) 


The current in the circuit lags 
tangent of which is given as 

I( Yl - A'c) 


the voltage applied by <f>, the 


tan <}> = 


IR 


tuL-l/c)C 

R 


...(49) 


Hence we can write the instantaneous value of current i as 

This equation is similar to Eq. (47). 

Using the j operator method, the differential equation of emf s 
in the circuit can be rewritten as 

v=Kif;coH-(97“'C’)i, ■••(50) 

where I is the instantaneous value of current when an instantaneous 
voltage V is applied. As we know that oper^.tor / precedes the 
ojIA across the inductance because this/?./ leads the current by 90 , 
whereas j precedes the pd\ across the capacitance because this 

p I lags on the current by 90°. 

V=[/?+y(wL-l/coC)]I. 


Alternating Current 


545 


Impedance Z=V/I=if-7(coL-7/toC). 

Let us represent this complex quantity Z as 

Z=Zc^^=Z(cos 4>+j sin <!>). 
From equations (51) and (52), we get 


(51) 


(52) 


I 


2 


R 


(53) 


Three cases jvill thus arise : 


l/coC, tan 0 becomes positive and the applied volt- 
age thus leads the current by the phase angle <f>. 

(n) IfcoL<l/a)C, tan <i> becomes negative and the annlipH 
voltage thus lags on the current by the phase angle <!>. 

{hi) If ojL=1/(uC, tan 4> becomes zero and the apoHed voitaop 

becomes in the same phase as that of the current. The circuit Is 

Resonance and frequency, known as resonance frequency, is given by” 

(oL=!/a)C or co=l/V(LC) 

/=“'/2it=l/2Tv(LC). (54) 

in such a case is maximum and is given bv I—VIR 
because the alternating pds across the inductance and Se Lo^ci S 

are then equal and 180° out of phase and therefore cancel out!^ 

roheSlf*" '^ore .“h" 

applied emf is merely to overcome the resistance opposition onlv if 

an inductance or capacitance is connected of very ^laree 

IS connected the potential across it increases to a ver! hf4 v^lue Th^ 

ratio IS known as voltage magnification and is given L ° 
pdacros^ the inductance (or capacitance) ,..T.r. 

j r. ; r — — L = n cvjy 

Applied emf -Hi — — 

■‘'irms K. 

consider a mass M, suspended at the fJee'end of I’n”' 'et us 

a force F be applied, producing an acSera^on n i^'the 

ment is x, then the equation of ristorfng forceT ’ displace- 

R~f^x~/cv=Ma, 


or 


Af 


d^x 

dt^ 


dx 




...( 56 ) 
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Comparing this with the Eq, (43), we get 

(/) the inductance L in the electrical problem corresponds to 
mass M in the mechanical one. 

(a) the resistance R in the electrical problem corresponds to k, 
the restoring force (or the viscous damping force for unit velocity, 

{Hi) the reciprocal of capacitance {IjC) in the electrical problem 
corresponds to p,, the restoring force per unit displacement. 

(fv) the mechanical counterpart of the charge itself is displace- 
ment and that of applied emf is mechanical force. 

In both cases the nature of the solution depends on the resis- 
' tance term. If k or /?=0, the motion is simple harmonic and un- 
damped, while increasing k ox R produces first damped harmonic 
motion, then critical damped and finally heavy damped for progres- 
sively larger values of this term. 

Response Curves of Series Circuit 

The impedance of an LCR series circuit depends on the 
frequency. The dependence is shown in Fig. 12.13, where the freq- 
' uency is taken in logarithmic form because of its wide range. 

X,Z,R 


<!> 

9(f 


{a) {a) 

Fig. 12.13. 

Fig. 12.13 (a) shows that there is one particular frequency at 
which Xh and Xc are numerically equal. At this frequency X^ -Xo 
is zero and the impedance X is equal to R, and hence minimum. 
Fig. 12.13 Z?) shows that the current is maximum at this frequency 
and is doubled when the resistance is reduced to its half value. Hence 
the sharpness of the curve increases with the decrement of R. The 
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sharpness of such a curve is measured by its half width, whicli is 
defined as iJbe frequency difference between two frequencies, each of 
which corresponds to a current amplitude oj one halj of its maximum. 
The sharpness of resonance is large if the half width is smaller, hence 
it is numerically defined as the reciprocal of the half width. 

The phase difference i* also shown in the Fig. 12.13 {b). It is 
clear from the curve that at low frequencies, which capacitive reac- 
tance Xc predominates, the current leads the voltage ; at high 
frequencies, where inductive reactance Xh predominates, the current 
legs the voltage. The current and voltage arc in phase, at the 
frequency where Xb^Xc., 

Acceptor Circuit. If the frequency of the ac supply is varied, 
or if the ac supply contains number of frequency components, {i.e., 
radio or television signal), then a series LCH circuit across the supply 
will give a maximum response, / e., pass a maximum current and 
having a maximum fotential diflerence across its inductance for that 
component of fiequcncy for which f=]l2r,\/{LC). This is the proce- 
dure by which a radio or television receiving set may be turned to 
receive' the signal from a desired station sending signals at a parti- 
cular frequency. The circuit is thus known as an acceptor circuit, 
especially in radio communications. 


B. PARALLEL CIRCUIT (REJECTOR CIRCUIT) 


Let us consider an alternating source connected across an 
inductance L in parallel with a capacitor C. If resistance in series 
with the inductance is bi and with ife capacitor is zero (as the power 
factors of good qualii) capacitors are very small). Let the instan- 
taneous value of emf applied be V and the corresponding current be 
1, the current through the inductance be II and through the capaci- 
tance Ic. Ihese latter currents (It. and Ir) 



/. The n.agnitude of the admittance 




( 58 ) 


• . 


V 


<41^48 Electricity at\d \{agneti\n 

/ v/v, 

'[•j Tl^Cj ^,£^aijttance,y/iH be. roinimum, when 

' 4 c/?^ + w»Z*C-tuL = 0 ', 

Of or , «u=c,;=v{(l 7 ZC.:-i^/L*^^ ...( 5 <)) 

i' f.L / }. f S J. 

: It giv^s. the condition of resonance and the corresponding 

. (_ fi^q^uency ' :ii.l c 


.' 27 r ~ 2 it ^ 


!,s >s /r^weno’- 


^ 

LC~ L- J 


...( 60 ) 


^ < 


/ • 
/ . 


• r t 


[ . , Fpr the values /Of L, (7, and cu satisfying Eq. (60), the reactive 
cqn’Ponent of y vanishes , or ' K Asf-Nuch k ^ihihimom 


such a rrequcncy is kiibwn as 

‘T : i ^ < V »*.|l f I t 


.inc cufren^ £^nd yonage aic in 'pna^e. i nc uyuauucdi- 
,,, thus reciprocal of th<i‘reai 'pari Of'-ihe admittance.--* 

A j V # 


Q^.nantic rcsonancti=^ 


• • ' « X f K C 


«« 1 1 I « 


R 

R^^L^jlLC-hVU) 


L 

.CA 


ca: 

[ •. ti 


S. At resooance, the, peak current from the supply, known as 

4akc^p'cp4t^^^ ^ 

, , The forced oscillatory current is the current passing through 
capacitor ‘and ihdilctor (iiituit br'-^mpty nhxough capaoitorji The 

pea^ cucre/it tbroug^hcd^^^^ ^ . . . . , . ^ , i c 

...( 61 ) 


,/o=K,/(,l/c>C).=«CK„. 

i , This current, will lead the applied voltage by >:/ 2 . 

' ' ' * ‘ ‘ ' n ' ■ - • ^ K . s. il , . C - V t j • V ( > . r. 

A i ; . At re^tyiance 


...(• i) 


Amplitude of oscUlaiory current 

Aniplitudt oj make up' currchi Jrom supply , 

•• * J« 1 * a Jf 

♦ \»*rr..,k fft* w< 


...(62) 


/ y ^ 


Thi? ratio is known^ as. factor, which 'is the measure ol _he 

11 maenificaiionl ' tilu^ lfib're/Vcrtr ClrCuil at resonante<esl ‘bi f 


,, current ira*inincaiipp. luu^ luc w.» *.**•* — a n( 

'r current magnificat on of cafIRi similar to • the voltage •magnification oj 
' %%trrLp exniOited By 'ihe 'sdries acieplordrcuivat resonarjee. 

».* J s I I * </ , . . , . . . (t s i c .C. / N ( / * < l^f • f C t ; K . * i a ( ' ’ . I » .t < , 

_ 12^10,, r;oyv|:R AC 

The rale of doing work or the acliyiiy of a current, in 
. oya steady current, is given by VI, ln^n‘ aliernaiint, (-urreai o i 

* ^ ^ X.* ^ ' 4 , • 4 t «4 «*. , «.xil 
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V and I vary harmonically and differ in phase. If sin ojt is the 
applied emf across the circuit at any instant t and the corresponding 
current is given by /=/o sin (a>/— where <f> is the phase difference 
between the emf and the current. If emf and current are in volts 

-and amperes respectively, then the instantaneous power in watts is 
given by 

sin oit sin {ojt—(f>) 

[sin^ cor cos — i sin Iwt sin 0]. 

The mean rate of doing work or the average power 

cos ^ cos 

Virtual voltsX Virtual amperes X cos <f>, ...(63) 

where the term cos <f> is known as power factor. It is said to be 

leading if current leads voltage, lagging if current lags voltage. Thus 

a power factor of 0.8 lagging means that current lags the voltage by 
cos-' 0.8 = 36.8°. 

If the rms voltage Vr.n, and the rms current Ir^s, also known as 
virtual values, are measured separately in an ac circuit, then the pro- 
duct Vrm&Xlf,„8 does not give the true power dissipated in the circuit 
as does the product V! for a dc circuit and thus gives apparent power. 
The true power or the actual power dissipitated is given by 

True powers Apparent powerxPower factor. ...(64) 



Fig.[ 12.15. 


550 


Electricity and Ma^etisnr 


If the curves v Vq sin a>t and i^Io sin (o>/ — are drawn on^ 
the same graph, the power curve can be obtained by plotting ordi- 
nates corresponding to the product vi at all times during the cycle, 
r or the parts of the cycle CE and G/, the voltage and current are 
in the same direction and the source of supply is doing work on the 
circuit. For the parts ACy and EG of the cycle, the voltage and 
cur^nt are in opposite directions, the work is negative, f.e., the cfrcwit 
IS doing work on the source supply. The difference between the 
positive and negati\e areas during the time T gives the work done 
iQ the cycle, which is equal to Vr^s cos 

For ^--0 , the current and voltage are in phase and the nega- 
tive portions of the graph of power (yi) against time vanish. The 
power is thus maximum . /rmt). If ^ ^ 90°, the positive areas 

of the power curve will equal to the negative areas. The work done 
is zero. The current is then stated as wattless. Such a case will 
arise when the circuit is purely inductive or capacitative. The case 
is similar to that of a frictionless pendulum, where the total work 
done by gravity upon the pendulum in a cycle is zero. 

12.11. CHOKING COIL 


Let us consider a coil of large inductance L and of low resis- 
tance E. The power foctor for such a coil is given by 

^ “ it- (Asixi-) -ws) 

As cos <!> is very small and thus ^ is nearly equal to 

7r/2. Thus the power absorbed by the coil cos ^ is very 

small. On account of its larger impedance the cur- 

rent passing through the coil is very small. Such a coil is usually 
known as choking cou and is used largely in alternating current circuits 
for the purpose of adjusting current to any required value without 
waste of energy. The only waste of energy is due to the hysteresis 
loss in the iron core, which is much less than the waste of energy in 
the resistance that can also reduce the current if placed instead of 
the choking coil. 


Choking coils are very much used in electronic circuits, mer- 
cury lamps and sodium vapour lamps. 

Quality Factor Q. The reciprocal of the power factor cos <f> is 
known as the quality factor and most often referred as 'Q\ It is 
also called as quality ratio, as it is defined as 


Q = 2n 


Maximum e nergy stored 
Energy dissipated per cycle 


Maximum energy st ored 
Average power dissipated 



Thus, for an inductor with impedance L and series resistance 
Ey Q value is given as 
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Q 


(1} 


Ijlrms^ (oIj 


R 


...(67) 


Similarly, the quality factor of a capacitor can be shown to be 

Qc=l/a>Cft. 

Values of Ql and Qc are same as that of the values of cos <f> of 

good quality of inductor and capacitor respectively. In practice no 

capacitor or a inductor is pure, hence the power factor is different 
irom zero. 

12.12. SHARPNESS OF RESONANCE IN SERIES CIRCUIT 

To find the sharpness two values of to for which «/Z is l/\/2 

times Us maximum value and their difference is determined The 

value ofZ will be V2R when or X=±R. Hence we can 

write two values of w as 

A"=a)iZf — = and A'=ft)gL— l/w^C= 

or 1 


and 




ct>ia»2= 


LC 





Hence we can write 


Fig, 12.16. 

— __ R 

<^% 0}qL 


1 


e, 


1 demand of sharp resonance curves 

a large Qo is desirable. 

The difference between two half power freauenciec 
known as the band width of the resonant curve. Thus 

B. fP=/i— /,=/o/Qo=J?/2iti. 


-(69) 
{sharp tuning^ 


{ f\ —fd is 


(70). 
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It might be thought that the Q value of a coil could be made 
very large at high frequencies, but it is not the case. The time 
constant LjR can be made as large as i second by the use of 
magnetic core materials. But effective permeability decreases as 
frequency increases. At high frequency the skin effect increases R 
and the effects of distributed capacitance between the windings make 
the coil act like a smaller effective inductance. 

12.13. COUPLED CIRCUIT 

Let us consider an alterna- 
ting emf, represented by 

applied to the primary 
of mutual inductance Af, the pri- 
P mary of which has a self induc- 
^ tance Li and a resistance R^ and 
secondary is a closed circuit of in- 
ductance and a resistance i? 2 - 
Ii and I 2 be the currents in primary 
and secondary respectively, then 

V= -f " jcoMlt 

= ZiIi+yajAf I 2 -- (71) 


and 


...(72) 


On solving these equations, we get 



I V _ V 

‘ Zi+o,>M2/Za Z,' 

...(73) 

and 

J >WV _ V ^ 

* Z,Z, + o,»A/2 Z/ 

...(74) 


where Z/ and Z/ are two effective impedance operators for the 
primary and secondary circuits. 

Zi -Ri+J(oL,+ B,-JojL2 

„ , 0,2 . Cr r 1 

or Zi'=i?i'+yajZ/i' 

where Ri' is the effective primary resistance which is greater than 
H^hy the so-called reflected resistance 

from the secondary and W is the effective primary inductance which 
is less than L, by due to XhQ reflected inductance 

from the secondary. The reflected resistance is large and reaches a 
maximum value for the value of R^^^wLz- It is also clear that the 
effective self inductance of primary can never becomes negative as 
even for R^-^O, — or a positive quantity as 

always. Thus the primary current 



Fig. 12.17. 
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or 


where 




_ Vo Hcot 6) 

€ 1 


A 


j. j(oJt—6) 

_ J'o^ 


Z ' 

tan d~cuLilRi. 


Thus we see that Ii always legs behind V. The phase lag of 
current on voltage for the primary alone is tan * On 

coupling with the circuit, Li and are replaced by Li' and Ri 
respectively. As and the phase lag reduces when 

such coupling takes place. When -*■0, this lag decreases and the 
coupling becomes more tight. The cosine of the phase angle be- 
comes larger as pha-e angle becomes smaller and thus the pnver 
factor a d so the power taken fr<nn an ac source increases on coupling 
the secondary t > the primary. 

The current in the secondary 

I = ~ j(^M y — jixj Kf _ coM e~^l^ “ 


— I 

where tan >^ = coLy/?,. 

Thus we see that the secondary current 
current by a phase angle of (7r/2-f ^). 



lags the primary 


12.14. TRANSFORMERS 

The transformer consists essentially of a magnetic field circuit 
linking with two distinct windings. When one winding is connected 
to an a.c. supply an alternating flux will be set up in the core and 
this flux linking with the another will induce an alternating emf in it. 
The former winding is known as primary and another as secondary. 

Transformers are used for converting an ac of high voltage and 
low current into a current of low'er voltage and high current and 
vice versa with small energy loss without using moving parts. The 
former is known as step-down and the latter step-up transformer. 

Types of Transformers. There are three main types of trans- 
formers depending on the structure. ( 1 ) C 're with single mag- 
netic circuit, (2) csheli type with double magnetic circuit and (3) Berry 
type with distributed magnetic circuit. 

The cores are built up of sheet iron or alloyed steel. The small 
transformer cores have rectangular cross sections, but the large sizes 
have circular cross sections. The windings are either of the cylindrical 
ov sandwich iypQ The former type is mainly used on core trans- 
tormers and the latter type on the shell type. 
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There are three types of transformers used mainly, depend- 
ing on the frequency of the source in the circuit. 


(o) Mains frequency transformers. These employ an iron core,, 
laminated to avoid eddy current loss and occur in a very wide range 
of sizes from small laboratory components to the big transformers* 
used at power stations. The frequency of ac mains is 50 c/s in Britain, 
and India and is 60 c/s in U S.A. 


(/;) Audio-frequency transformers. These are used chiefly in 
radio communication and electronic circuits and contain a laminated 
iron core to increase coupling efliciency. They operate over the 
frequency range from 50 to 20,000 c/s. 


(c) Radio-frequency transformers. These can not have iron 
cores because of large eddy current losses. Transformers without 
core, known as aircored also suft'er from the disadvantages that the 
coupling coefficient and efficiency are low. More effi,;ient device 
employs a dust core, consisting of a fine powder of iron mixed with 
an insulating binder and compressed into a core of the desired shape. 
These transformers are used at frequencies from 20 kc/s to 30 Mc/s. 

Transformer losses. In practice the power output in the 
secondary is always less than the power input in the primary because 
of the losses due to imperfection of design. These losses are : 

(/) Copper losses. The losses are due to the heating effects of 
inevitable resistances of the primary and secondary windings. 

{a) Core losses. The hysteresis and eddy current heating losses 
in the core constitutes core losses. The former are minimized by 
the use of iron having a narrow hysteresis loop or small expenditure 
of energy and the latter losses are minimized by using the core of 
laminated sheets of soft iron which are mutually insulated. 

(Hi) Magnetic leakage. These losses are due to the leakage of 
magnetic flux between primary and secondary. In other words all 
the lines of magnetic flux produced by the primary current do not 
cut the secondary winding and the flux produced by the secondary 
current do not cut the primary winding. The leakage is reduced to 
a minimum if the two coils are interwound. For the good insulation 
between primary and secondary, winding should be done side by side. 


iiv) Self capacity of winding. The capacitances exist (/) between 
each winding of a transformer, due to the inter turns and inter 
layers and (ii) between every pair of winding. These capacitances 
have a large effect on the audiofrequency transformers and have 
practically no effect at low frequencies (power frequencies). 


Efficiency. On account of the losses, the power taken from the 
secondary of a transformer cannot exceed that taken by the primary 
from the source. The efficiency of a given transformer is thus- 
defined as 
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Power output from the secondary 
Power delivered by the source 


X 100% 


Power output 

Power input 4- Power lost 


X100% 



The ideal transformer, with no losses, has efficiency one. 

From a constructional point of vie.v, a transformer in its 
simplest form is a miaual inductance. Usine the results of the article 
12.13. Let us consider following two cases ; 


(a) Open circuit secondary. In an open circuit secondary, 
there is no secondary current, /.f 7,-0, thus equation (71) gives 

or ...(79) 

The open circuit secondary emf is therefore given by 

K2 = a>M/, = a,A7Fi/i//?iHco’V). ...(80) 

Since and coupling coefficient k~ hence 

we have 


Vi Ll n/ I Li ) 

It and be the numbers of primary and secondary turns 
respectively, then Li^Ni" and and hence 

V2lVi-^k\/iLdL{)=^kN,IN^. ...(81) 

For a perfect coupling, k — \. It means that the primary and 
secondary coils both enclose the whole of the magnetic flux produc- 
ed by the primary. Iron cored transformer is used in practice to 
produce so high value of k, with nearry I and with large values of 

ivj and ^ 2 . Really tne value of ^ reaches to 0.99 only. Thus for a 

perfect coupling and an open circuited secondary the transformation 
ratio F 2 / F 1 — AT^/.-V,, the ratio of the number of turns in ihe secondary 
coil to that in the primary. If the resistance of the primary coi! 

IS small in comparison to the reactance coL^ of its inductance, the 

current is wattless and the power loss is zero. Thus a transformer with 

open circuited secondary and a low resistance primary dissipates 
negligible energy. r ^ 


(b) Closed circuited secondary. When the secondary of the trans- 

resistance B.„ the problem becomes 
that of coupled cycuit (article I2.13), and the effective values of the 
resistance and inductance of the primary circuit are given by 


Ri' — ifi + - 






and 
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If the resistance is small compared with C 0 X 2 , then for the 
iron cored transformer for which the coupling coefficient k= 1 and 
A/= v/(Z-ii/ 2 ), we get 

1^2 -^2 

and ...(82) 

Thus we see that with a load of low resistance across a secon- 
dary of transformer, the effective impedance of primary is purely 
lesistive in nature. 

Now from Eqs. (73) and (74), the ratio of the secondary to the 
primary current is given as 

I2 jcjjA'f 

Fora transformer with a perfect coupling, /V/= v/Lii ^2 
the resistances of the two coils of the transformer are nearly zero. 
In addition the reactances of the primary and secondary coils are so 
large in comparison with the generator and load impedances. 
Therefore 



Further the ratio of voltage drops across the primary and 
:3econdary coils are 

V2 _ 

Vi y~ixRx 

^ jo^MR ^y 

Since R^<jaiLiy hence 

Vg „ jwMHz 

Vi jio LxR^ - L 2 + a; 


JcoMR^ _ Af 

jcoLiR^ R\ 

Thus we see that for the transformation ratio (F 2 /F 1 ) is equal 
to the ratio of the turns in the secondary to that in the primary. 
jFor we get Ka>F, and /i> /j. Thus, the step-up transformer 

increases the voltage and decreases the current whereas a step-down 
transformer reduceds the voltage and increases the current. 
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The equations (83) and (84) give 

Input power Output power. 

Thus an ideal transformer introduces no loss and has 100°/ 

efficiency. In practice only an efficiency of about 95 V can be 
achieved in power transformers. 


In the preceeding article, the problem was simplified by makina 
the L s the total inductances, i.e., including both leakage flux and 
mutual flux. Let us now discuss the problem in which the various 
fluxes are regarded as separate. The various components of the 
primary applied voltage are as follows : 

.u * voltage yojLiIj to overcome the self-induced emf due to 

the true leakage reactance L^. 


ti,P voltage to overcome the induced emf due to 

the changes in current m the secondary. 

t to overcome the induced emf due 

//Jj current m the primary, where p is the turns ratio 


Hence the emf in the primary is given as 

lywL,Ii-i-ya>(A//p)Ii-}-yajWI,. ...(85) 

th secondary is used to overcome 

(0 the self inductance of the secondary and (//) the total 

impedance drop of both secondary and load. Therefore, we have 

Va=— yaiAfli 

— ywA/Ii/(i?2H-JwLa+j«^p4/) 

p+-g- «+>^2 y 

If V jojM ) 

Substituting the value of I, in equation (85), we have 


or 


Vi 


jojM , 


Ki+ycoZ/j-by'cupAf J 


=r^i+jo/ Li+ 1, 

==iS p , 


+ p V/) 


=Ii [R'+ju^L'] 


+joI T M 9 M) ~ 1 > 

L p R^^+co\L^+^.]\ 


...(86) 
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This shows that R* and L* are the equivalent resistance of the 
whole circuit and the equivalent inductance of the whole circuit 
respectiveiy. 

The ideal transformer, having no losses and in which all of the 
flux is confined to the iron core is shown schematically in Fig. 12.18. 
A primary winding of turns and a secondary winding of turns 
both encircle the core in the same sense. As the secondary is open, 
there is no secondary current. In the vector diagram, vector 
represents the primary voltage As the resistance in primary is 
assumed to be zero, the primary current known as the magnetizing 



Fig, 12.18. 




current Tm lags the primary voltage by 90'’ having magnitude 
where Xi is the reactance of the primary. This current sets up a flux 
of a amplitude O in the core, in phase with the current. The rate 
of change of flux d^ldt will lead <I) by 90°. By Faraday’s law, we 
know that the induced emf ^^’~-d<l^ldt. This — ve sign indicates 

that this e nf is out of phase with d<l>ldt. In the diagram, and 

represent the induced voltages at the primary and secondary 
terminals respectively. 

If a resistance R is connected across the secondary. In this 
case as the primary voltage Vi is fixed, the rate of change of flux 

must be the same, as shown in Fig, 12.19. Hence the core 
flux <t) and the secondary voltage F* must also be the same. The 
core flux is now set up both by the primary current /( and by the 
secondary current /g The secondary current 2 is in phase with Fi 
and of magnitude Vj The flux set up by the secondary 
current is opposite in phase to this current. The flux Oi due to the 
primary current is the vector sum of <S> and 02- The primary current 
/i is in phase with Oi- 
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Fig. 12.19. 

Xlses of Transformers 

(1) The step-up and step-down transformers are used in a.c. 
electrical power distribution for the domestic and industrial 
purposes. 

(2) The audio-fr que icy transformers are used in radio-receivers, 
radio-telephony, radio-telegraphy and in televisions. 

(3) The radio frequency f ran formers are used in radio- 
communications at frequencies of the order of mega-cycles. 

(4) The impedan e transformer.^ are used for impedance 
matching, which is necessary to get maximum power from a source, 
of two independent circuits. 

The current tra nsformers are used for measuring large 
alternating currents. The current to be measured is passed through 
the primary and the secondary being connected to the ammeter. 

(6) The pressure transformers are used for measuring very 
high pressures. The pressures to be measured is stepped down by 

means of such a transformer, the low tension secondary of it is 
connected to the voltmeter. 

(7) For measuring power on a high pressure system, both 
current and pressure transformers are used. 

(8) The welding transformers are used for welding as well as 
in induction furnace The ends of one or two turns of thick 
copper wire, forming the secondary of the transformer * are 
connected to a pair of rods to be welded. When the current is on 
the tips of the rods get red hot and started welding. 

(4) Long distance power transmission From the point of 
view ol both efficiency and economy, the power must be transmitted 
at high voltage [suppose a given power say, 44,000 watts) is 
transmitted from a generating station to a long distant city it can 
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be transmitted at a voltage 220 volts and a current of 200 amp or 
at a voltage of 22000 volts and a current of 2 amp. In the former 
case the large amount of en rgy (/-'/£/) will be lost as heat during 
trausmission, a voltage drop (//?) along the line will be greater, and 
a very thick line wire will be required to carry the high current], 
Hence the step-up transformer should be used at the generating 
station before transmission and the step-down transformer should 
be used at receiving station before its supply to the city. 

12.15. ROTATING MAGNETIC FIELD AND INDUCTOR 

iViOTOR 

A rotating magnetic field is one in which the flux rotates 
rouno a fixed axis. Its magnitude remains constant while the 
direction changes at a constant rate. It can be produced by 
(z) merely rotating a magnet or a cur ent carrying coil or (//) a 

system of stationary coils supplied with single, two three or 
polyphase currents. 

Let us consider two coils Cj and Cg carrying alternating current 
and placed at right angles to each other. If the currents in these 
coils are respectively Ii and which are equal in frequency a», but 
differing in phase by 0, then we have 

/i = /(,i sin {ojt rd) 

/ 2 =/o 2 sin CO/. ..,(87) 

The magnetic fields due to these current carrying coils will be 
in phase with the currents and may be represented as 

sin (co/+6) 

= sin cof. ...(88)» 


C2 



Since the coils are at right angles to each other, the resultant 
magnetic field is given by 

It makes an angle ^ with B^, such that tan ^=^BjBi, 
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The resultant field vary periodically as : 



r=0 

0 

II 

0 ? 

B=Bi = Bqi sin 6 


t=—dj(U, 

0 

11 

= sin (- 
= ~~Boi sin 6 

-e) 

t=nlco 

5.=o, 

B=Bi = B>,i sin 6 


1 

Y 

B,=0, 

B—B.^-=Bof sin {k 
— ~Bq 2 sin 0. 

-fl) 


Thus the resultant magnetic field B rotates {in an anticlockwise 
airection) and at the same time varies periodically in magnitude. 


The most important instant is when the magnetic fields have 

equal amplitudes and are in quadrature, f.e., 5,,-- fsay) and 

— Tc//. Under such conditions 


and 


\/sin^ (af4 7;:/2j + sin^ 
tan (/' = sin wz/sin (wi -' 71 / 2 ) --tan cot. 


or ^ = (ot. 

Thus the resultant magnetic field B is constant 
and rotates with constant angular velocilv oj, in 
direction if the fields Bi and Bz are nf same amplitude 
and Bi is n/l ahead of Bj^ in phase. 


...(90) 

in magnitude 
ami-clockwise 
and frequency 


If on the other hand B, lags behind bv -/2 in phase i - 
0 7t/ 2, we have ' e y 


and 


^ 1—^0 sin {cut— nil) — — Bq cos wt 
B^=Bq sin cut. 

b=Vb7+Y^=b. 


and 


or 


tan 6— — 


sin cut 
cos cut 


= — tan cot 


ilf = —cut 


and the rotation is thus clock-wise. 

Couple acting on a coil placed in a rotating magnetic field It 

has been shown above that a rotating magnetic field may be 
produced in a region surrounding a fixed point O bv passing 
currents, equal in amplitude and frequency, but differing in phase 

j each other. If a small 
coil of turns and effective area .4 is placed in the rntntintr 

netic fold such ,h., ,he ccu.sc of .h/ cofl cobddu.Mhe pliuTS 

the induced current will be produced in coil. In accordance ikh 

Lenzs la\v the magnetic effects of such induced currents and the 

OTiginal field will interact in such a manner as to reduce the relat Je 

motion between the coil and the field. Thus a couple acts ob ^ 

coil, tending It to rotate in the direction of the resuItantVld! 
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Let us calculate the couple experienced by the coil when 
placed in a rotating magnetic field. The total magnetic flux O 
linked with the coil at any instant t is given by 

(^=^NAB sin cot, 

where cot is the angle between the direction of magnetic field B and 
the plane of the coil. 



Due to the change of flux, the induced emf in the coil will be 

{NAB sin cot) 

at at 

—NAB CO cos (wf— tc). 

If L is the self inductance and R the resistance of the coil, 
then the induced current in the coil will be 


where 


NA Bco 

tan oi = coLIR. 


cos (cot’—n - a), 



This current gives rise to a magnetic field and the coil will 
behave as a magnetic shell of magnetic moment NAi in the direction 
perpendicular to its plane. The couple acting on the coil will turn 
it into the direction of B. The moment of the couple is given by 

T= M X B 

or M B sin (cot — 7r/2)= —BNAi cos cot 


N^A^B^co f . 

— - cos Kcot—'^ — a) cos cot 


N'A^B'co 

\/ A" 


[cos^ cot cos a-(- sin cot cos cot sin «]. 


Since the average value of cos^ cot over one cycle is ^ and 
that of sin cot cos cot is zero. Therefore, the mean couple acting on 
the coil is 



N^ A^B^co 


1 N A^B^cv f 

2 (B^A-co^L ) ■ 

^...( 92 ) 


cos a = 
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™ta JnVthffielS. <>f 

‘h. lhat the mean couple depends on 

co l If with respect 

to th- coi . It IS zero if cy - 0 or oo. If a coil is free torotate^its 

r\" direction of the field rotation will increase 

to the rate of work done by the rotating field. When the coil is 
released Its angular velocity increases at first. This w'ill decrease 
the reative angular velocity .u of the fi.eld with respect to the coil 
Thus the couple experienced by the coil will increase, which will 
fu ther 5p.;eJ up tlie coil and decrease w. However the angular 

tlm"casf;fff,;'f of the field, as in 

f' ^ average couple is ma.ximum for 

f f ?• ''' between zero and infinity, can be obtained bv 

differentiating w.r.t. w and putting it as zero, i.e,, ^ 


'1 ■ (I } .’ 

(luj 


N'AVJ-R d 

2 doj 


(.0 

W+oAL'^ 


-r;v =0 


or 


M A B-h 


2 


R *rai"Z^-a* {lcoL~) 


=0 


or 


f ^ 5 r>‘) 

' n- or 


OJ 


RIL. 


...(93) 


As the double dilferentiaiion of w.r.t. n. is negative for 
jj -Hlh, liencc IS inaxiaiuiii for co — RjL. 

Again ta.i - toL! R - \ or ---45 . Thus the value of a fnr 
niaximu'n couple is 4:? and the value of maximum couple is 

NRA-B- [Rj L) R N"A''-B- 

...(94) 


^ i r > rnnx 


2 (R- + R^) 


4L 


Induction Hotor. The motion of a conductor in a rotating 
nagneiic fid.J liu> been used in the construction of electromotors 
beMdo, many oiher partial aopheations. In an induction mo ors 
two pans o. c,c:tro;n.agners d^ andCT) carry alternating current 

dilfcriJig in phase , this results in a rotatirn^ inaL^neiir fi -IH o’ 

o, C.ie.j ,h, „,„,tSsi4 coif .nlSi oS” 

^/> 1 ^ eal.ed t.ic saunt coil, the two being at right angles to each 
other. As the coils are supplied ac bv the saine souPe a chase 
ditlerenco can be introduced bv niittin" an e-trn in,i,,rf ’ R 

c,rc™c»„. a capaoi,. C i„.„ . 'T* '”f “£1“ ff X 

electromagnets are similar, then the ma'^netic h^ds u.in hiv 
ainpl, tildes and the resultant magnetic field will be a rotatmg field""^ 

A mass o*" metal or a system of closed coils known as rotor 
IS mourned upon an axle in the rotating field. It will experience a 

.ists.of a namber of copper bats ihreaded throogh slots ia a 
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larninated rotor core, with their ends connected to strong copper 
end rings, and is used only for comparatively small motors. Th& 



Fig, 12,22, 

% 

latter is provided with a distributed winding. The separate phases 
are generally connected in star and the three free ends connected 
each to one of three insulated slip rings mounted on the motor shaft. 

In polyphase induction motor, the current in its rotor is not 
drawn from the supply, but is induced by relative motion of the 
rotor and the magnetic field produced by the stator currents. The 
stator is built exactly like an alternating stator, carries a polyphase 
winding similar to an alternating winding. An ac induction motor 
in which its speed is strictly proportional to the frequency of the 
current is called a synchronous motor. In such a motor, the coils 
of the rotor are not short circuited but connected through slip rings 
to a dc source and the stator is supplied an ac. The rotor is 
thus driven at exactly the same speed as the rotating field. 

12.16. SKIN EFFECT 

The current density j remains constant over any given section 
when the steady current passes ' through the uniform wire. But 
when the alternating voltage is applied between the ends of the wire, 
the distribution of current is no longer uniform. This uneven 
distribution of current is due to the emf induced in the wire itself 
owing to changing flux. Since the magnetic flux is always present 
inside and outside the current carrying conductor. A change in 
current produces a preater _ change in fl. ux across the inner core 
than the outer layer (as Bcc\/r^). Heruj^he induced emf 

due to tbis^E inge of flux and therefore the effective resistance is 
greater- at the -eentre than in the outer layers and the current is 
r oncentrated in the outer la yers. When the frequency is very la^ge. 
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ihe current is almost entirely confined to the surface layer. Such 

.V * I I - as skin effect. As the central parts of 

thick wires would not carry any appreciable part of the current 
and would therefore be useless, hence the conductors required to 

carry high frequency ac are made up of a number of stands of fine 

wire, insulated from each other, in order to have a large surface 
for any given area of cross section. ' 

ALTERNATING CURRENT BRIDGES 
12.17. IMPEDANCE BRIDGE 

The theory of the Wheatstone bridge for the comparison of 
resistances, using dc source, has already been discussed in chapter 6 
Ihe theory of ac bridges is very important as the capacitance and 
inductance riieasuremeats are now made by the aid of these bridges. 
A simple bridge consisting of four impedances, arranged as in the 
Wfteatstone bridge is known as impedance bridge. The cell and 
galvanometer of the familiar dc 
bridge are replaced by an ac gene- 
rator and a suitable detector D res- 
pectively. The detector is generally 
a pair of headphones, giving a mini- 
n um sound at balance with an ac 
source of about i kc/sec. A vibra- 
tion galvanometer is also used as a 
detector using the mains with a 

step-down transformer as the source 
of supply. 

To deduce the condition for 
balance, let us j-ssume that L, and 
io t»e the cyclic currents in the loops 
indicated in Fig. 12.23. 

Applying Kirchhoff ’s laws for the mesh ABDA 

Ii(Zj + ZD-f-Zg)— GZ d— I(,Z3=0, 
for the mesh BCDB 


B 



Fig. 12.23. 


L(Z2-fZ,-f-Zi>)~ 

Soiving these equations the 
given by 


IiZd— I( jZ^=0. 

current through the detector 


IS 


Zd(Z,+ Z 3 + Z,)-h(Zi -r Z3 )(z7F^’ 

Ihroufh 'tie SSor i-terehanged, the 


current 


1 = 


I^Z2Z3-ZiZ4) 


Zd(Zi + Z 2 + Z3+Zi)+{Z;TZa)(Za+ ZJ* 
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The bridge is balanced when the current I is zero, /.c., 
ZiZ,-Z,Z, or Z./Zs-Zg/Z,. 


..•(95J 


The result remains identical when 
interchanged as the denominator has 
balance. 


detector and generator are 
no effect at the time of 


Ah these Z s are cornplex impedances and are comprise of, 
genera! resistances, iiiductances and capacitances. Writing each 
m the from we have 

{R, J ■= (Rz +/ V )(R,, 4- jX^) 

R^Ri -■jKX.R^XR, X,)^R,R^ - Y, XjiXiR., + X^R.^. 

Equating reals and unreals on each side, we get 

RiR,-X^X, - R,R^ - X .Y, or R^R^^R R. and .YiA',=X,Y,„ 


m 

Z 


...(96) 


R, R 
'X. X: 




...(97) 


and RiX.,XX,Ri-^R^X,xX.R^ or J ^ 

A I 



These are two conditions to be satisfied in order to obtain a 
continuous balance. Except in special circumstances, all ac bridges 
involve a double balance. The former is usually a balance of the 
resistive components of t!ie bridge and could ’■»e nvide with a dc 
source and moving coil galvanoTieter if the bridee arms contaitied 
no capacitors. It the balance conditions obtained are independent 
of the frequency of the supply, then the use of a supply with non- 
sinusoidal waveform does not introduce serious errors as the har- 
monic components will be balanced out as well as ihe fundatnenta). 
However a single frequency is desirable because tl;e value of the 
electrical components invohed may be frequency conscious. 

12.18. MEASUREMENT OF INDUCTANCE 

{a} Maxwell's Impedance Bridge. It is a simple type of ac 

bridge for the comparison of an 
inductance with a \’ariable 
standard inductance. The ratio 
arms and R^ are non-induc- 
tive resistances. The variable 
standard self inductance of 
constant resistance R 2 is L 2 . L\ 
is the unknov'.n inductance with 
resistance Rj and R is an adjusta- 
ble noninductive resistance which 
may be placed in series with this 
inductance. if required, by 
changing the contact lead from 
A to a. Betw'een terminals AC 
and BD are the source (ac or dc) 
and the detector (head-phone 
or galvanometer) respectively. 



Fig 12,24 
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At the time of balance, using Eq. (95), we have 


^jco Li J? 


a 


or 


•^2 -/^4 

^ 1^4 +j(» I'iRi —R-iRi +jwLiR^ . ... ( 98 ) 

This equation is complex and is really equivalent to two 

equations. Thus the bridge may be balanced when^ the sum of all 

Si the real terms is zero and the sum of 

the vertical components, i.e., the imaginary terms is zero. Hence 

= 0 or R^|R 3 =RJR^, ...(99) 

and MLiRt-L.R^) -0 or L,=L,RJR,. (jOQ) 

Therefore a perfect balance implies two things -r/ia/ rhe ohmic 
resistances are balanced and that the inductances are in the ratio of 
the resistances in corresponding bridge arms. The first balance is 
obtained as in the ordinary Wheatstone bridge by connecting a 
vTlue. resistance R in series with the induLnee of larger 

bridge suffers from the diiadvantage that the balance 

the cfnSr.'f'c ^ is variable and R,t^R, 

a chance in% ^^'^t.-mdependent as a change in L, kects 

Call be made independent of each other 
only if R IS kept constant and L, and R^ are varying 

{R^+juiLi+juiM) h=(,R2+jcaL.^-\-juj w) I, 

^3l4=^4l.4. 

Eliminating Ij and Ij, we have 

RiRi +jwRiiLi + M)=-R.,R.,+ja,R^(L^-i.n^i 

Thus the required conditions are 

RAi^-R^Ri or RJR.,-^RJR^. 

and R,{L, + .\{)=Rj{L,+M) or ibri + :\f)l(L^+ M) =RJR^. 

Combining these equations, we get 


...( 101 ) 

...( 102 ) 


+ M R. 


R, 


...(103) 


then the balance point is 


L. + M ~R^ ‘ 

Ifi?,=/J, and L.^ is varied to L, 
unaffected by mutual inductance M 

effect, we adjust LJL^=r^/r.^==rjr^J[^^^ Present. To avoid this 
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If the order of magnitude of the inductance is entirely un- 

known one may begin with and obtain balance by varying 

bridge, if required. Now dc source is replaced by ac source and 

Slvannppf '' replaced by the headphone or vibration 

Fnii ? r^' t>alance position is obtained by adjusting variable 

^ -■ f'count of the limited range of the inductance 

balance. The bridge 

CTnr.ri h for dircct and then for alternating currents. A 

go^d ba ance may be obtained after two or three trails. If for 

r,V.v. ■ ' 'd'''.^ound IS apparently the same, a large change in the 

rpcnhc^ example /?3/7?^=10. If it does not give 

re.ulls may be tried. A final attempt to obtain a 

perfect balance may be made by altering R and slightly. 

Eqs. (99) and 1 100) show that the conditions are free from cu. 

However the balance conditions are affected by variation of w due 

to eddy current and skin effects. Self capacitance.^ of 7?, and Rt 

cire effect i\e specially at higher cu. The earth capacitance, effective at 

high frequi'ncies, is avoided by shielding all the branches from one 
another. 

_ , Maxwell s L/C bridge. It is one of the earliest forms 

ot bridge for the measurement of self inductance. With its aid a 
self inductance is measured in terms of a capacitance and two 
resistances. The arm DC contains the coil under test in series with 
a variable non-inductive resistance box R^. The arms AB, BC and 
AD are non-inductive resistances, or more exactly resistances of 
very low residual inductances. A standard variable condenser C is 

resistance Ri, opposite to the arm 


placed in parallel with 
containing L. 


the 



The bridge is balanced, when 


z. 


Z3 

Z4 


z, 


R 




3 


^jojC or Zi = 

R. 




\~\-jojCRi 


Fis 


12.25. 


Z 2 R^^jeoL ’ 

Here 7?^ includes the resistance 
of the inductance L. 

J 

Rx 

. 

-^2( 1 R^~\-jojL 

or RiR.^~rjcoL.R\= R 2 R:i~\~j<oCRiR 2 Rz‘ 

Equating real and imaginary 
parts, we have 

R\R^ ~ 7?2i/?3 

or RilRi-=RfRi, ...(104) 

...(105) 


jcoLR^=jiaCR^R 2 Rs or L=CR^R 3 . 


and 
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Thus we see that the balance in this bridge is independent of 
the frequency. This bridge does not permit the two conditions of 
balance to be attained independently if the two variable quantities 
are resistances. These two conditions of balance are completely 
independent if a variable condenser is used. Good mica condensers 
arranged in decade dials over the range 0—1.11 to which a 
variable air condenser cf capacitance 0.001 p-f may be added in 

parallel, are of practical importance for the continuous variation of 
capacitance. 

In practice is best kept as a simple ratio, whilst is 
varied first to obtain in phase minimum, then C is varied to obtain 
a quadrature minimum. Two or three alternate variations of 
and C should give a good balance. The variable resistance in series 
with L should include decade subdivided ohm for the line adjust- 
ment, preferably a small carbon plate rheostat may be used as the 
value of R, is not required for the calculation of L. The coil L will 
always have some self capacity so it will not be possible to obtain a 
perfect balance. 


In practice C is always imperfect, it is accompanied by either a 
small resistance r in scries or a high resistance R in parallel. Assum- 
ing r in series, the balance conditions are given by 

Here is given by 

1 _ 1 jojC 

1 ^j^Cr “ Rf\ -h>Cr) ' 

^i(l -^j(oCr)l\ \ ~h7<^C(/?i + r)] R^ 

Ro R^-\~jcoL 


or 


RiR, ^^jcoLR,+JcoCrR,R,—co^CrRiL ^R^R.^-\-ja,CR2RfRrfr), 
Equating real and imaginary parts, we get 

RiRi-’t^^CrRiL—R.^R^ 

and LRi -f- CrRiR^ ^ Ci? 2 ^s(/?i+r) 

^ L rCR^_ rCRt 

f ^ 

Eliminating RfRi, we get 




...( 1 06 ) 


This expression shows that the correction term involves the 
power factor of the capacitor (o>C». For a high class mica conden- 

an^r^av correction is less (1 in 

lu ) and may be taken to be zero, ^ 

not possible due to ,he presence of harmo- 
nics in the source, since even the formulae at balance are independent 
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of frequency. Where the highest accuracy is required, the effects of 
be ^scZTeTlatte^'' by the use of the Wagner earth, to 

(c) O wen’s Bridge. This bridge is used to measure self indue- 

tarxe in terms of a standard capaci- 
tance C 2 and two resistances and 



R 


3‘ 


F/>. 72. 2' 


5 


and 


The bridge is arranged as in 
Fig. 12.26. Assuming that the con- 
densers are without losses and that all 
the resistances are perfectly non-reac- 
tive, The balance conditions are given 
by 

jeoL 7?3 -f- ] 

1^2 ~ T/JZ~2 ’ 

or R,R,^R, j<oC, ^L'C,-f-Rfljc^C 2 . 

where R^ includes coil resistance R.^. 

Equating real and imaginary 
parts, we get 

...(107) 
...(108) 


CdC2--RjRi. 


Both the conditions of balance are uHiepL-ndent of each other 

and of the frequmey. U can be shown that before the actual 

balaiK-, one component oi ihe current through the deiccior depends 

upon oj (varies inversely as fy) and the other does not. It 

IS true also for all bridges in which final balance is independent of 
frequency. 

Vector diagram of the bricize. The voltaae V across the bridge 
is represented by (Fie. 12.271. Let I, ^nd T, be the current 
vectors for the arms .430 and ADC respectively. vVhen the bridge 
is balanced Ii will lag behind V through (<ay) and L v/iJl lead 
through 92 (say). These 6^ an i <j>, are given by the relations. 


where 


1,C-1/Ci-M/C2. 


tan 9^1 tan 


L 


(R,-\-R^)R^C "7? 


-Ji r± , 11 

(R,-rR,)lC\ C.J 


L 


Ry 


F 7?2)L^2L2 

= 1 . 




4= 


L 


R^RzCi 


or 


9^i + ^8=^~/2. 


...(109) 
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If EG==i? 3 la and GH is normal to EG and of length T/cjCi, 
then EH gives the potential drop across arm AD of the bridge. This. 


must be equal to the potential drop 
across the arm of the bridge,/.^., 
EI+IH, whereEI==/?Ji andlH ^JaifAu 
IH is normal to EL We have also 
proved that Elis 

normal to EG or the currents Ii and 
I 2 , are in quadrature. Now HF is Rzl^ 
and since it is also Ia//u)r\, it must be 
normal to I,. Thus (JHF is a straight 
line. 



Condition (107) may be secured 
by varying and condition (108) either Fig. 12.27. 

by varying /^i, or by varying Cj, the former is preferable. This 
bridge is extremelyconvenient and possesses the great practical 
advantage as the balance is obtained by adjusting resistances only. 
As it consists only one inductance, under test, all mutual reactance 
between inductances are avoided. 


Owen has shown that even with limited apparatus the range of 
this bridge is very wide. Thus with C, -Q-0.3 and values of 
V?2 from 1 to 200 a, self inductances from 2 fxH to 0.5 H can be 
measured ac:urately. The residuals due to the inductance of leads 
and tcrmuials may be easily eliminated by obtaining a balance first 
with the inductance L and then with a short circuit across L. If R^ 
and /?3 are the respective values ot the ^3 for these two balances, 
then we have to a close approximation. 

rn-. . . ^ ’ ...(110) 

I hi* Aecond balance is necessary fpr large values of L and can 

be avoided for low values of L. 


yd) Anderson's Bridge, 
bridge. The double balance is 


B 



0 


Fig. 12.28. 


This is the modified form of Maxwell’s 
obtained by adjusting resistances only, 
the standard condenser being of a 
fixed value. The modification con- 
sists in placing a non-inductive resis- 
tance r in series wdth the condenser, 
the combination being in parallel 
with 7?,, the other components and 
the detector are placed as shown in 
Fig. 12.28. 

At the time of balance the 
potential at F is equal to the poten- 
tial at D. Applying Kirchhoff’s laws 
we have 

for mesh AREA 

...( 111 ) 

for mesh AEDA 




• .•( 112 > 
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and for mesh BCDB 



-^ 2(11 + 1 ) (j<oL l2+rl=0. 

...( 113 ) 

Eq. 

Substituting values of Ii and I 2 from Eqs. (Ill) and 

01?), we have 

(112) in 



...(114) 


Equating real and imaginary parts, we get 





or 


...(115) 

and 

R^toC R^ojC * Ro Ri’ 

...(116) 


These conditions are independent of the frequency of the source 
andean be satisfied independently of each other by adjusting /?4 (the 
variable resistance in series with the inductance coil L) in the latter 
case and r in the former case. Eq. (115) shows that the ac balance 
is possible only when otherwise r will be negative. Since 

there is no other inductance, all mutual reaction between neighbour- 
ing inductances is avoided. 


It is best to use R\ : 1:1. The formulae then reduce to 

and Z,=Ci ?3 [Ir+Ro]. ...(117) / 


Vector Diagram. The vector diagram of Anderson’s bridge is 

shown in Fig. 12.29. In it EF is V, 
the potential vector for the applied 
source and is also equal to uie poten- 
tial difference between terminals A and 
C. If lo represents the current in ADC, 
then EG-=RA2- GH--->;LIoand HE 
~Ri^ 2 ^ so that HE is '1 to EG and GH 
is i to EG or HE. Since the potential 
of point E is the same as that of 0. 
hence Vae— Vad or ( \ ^j(o-^)l==Ri^2f 
is in quadrature with If we draw 
is Ri I,. The vector IF is 



Fig. 12.29. 


This relation shows that I 

GI ^,'1, then the vector El _ _ . , . 

(Ii-hl). The directions of Ii and Is are thus determined from tais 

diagram. 


First of all the circuit is arranged as a simple Wheatstones 
bridge connecting the inductance in the unknown arm CD. the 
resistance R^ and R^ are fixed to 10 ohm each and R^ is varied until 
the galvanometer deflection changes direction. The expected value 
is calculated with the formula (1 16). 
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The experiment is repeated with Ri/Rz^lQ and 100 and the 
actual resistance in the inductance arm Ri. is calculated. Now Ri 
and jR).. are re-adjusted to the ratio 10 : 10 and a fractional resis- 
tance R' is placed in the series with the inductance. Now R^ and 
R' are varied for no deflection in galvanometer. In this case 
Rh+R'—R^=^R^. To increase the sensitivity resistances are so 
arranged that Ei^R^^^R^, 


Now galvanometer and dc source are replaced by headphones 
and ac source (oscillator) respectively and capacitance C and resistor 
r (0 to 10 Afl) are inserted as shown in Fig. 12.28. i?i, R 2 and R^ 
are kept as such and the bridge is balanced for minimum sound with 
the help of resistance r. The experiment may be repeated by taking 
different capacitances. Substituting these values in Eq. (117), self 
inductance of a give^ coil can be calculated. 


1+ ii -13 


Relative Merits of Anderson's and OY^en's bridges when conden- 
sers are slightly imperfect. To exa- 
mine the effect of an imperfect 
capacitor let us assume that such 
a defect may be represented by a 
high resistance in parallel with 
capacitor C. When the bridge is 
balanced let the current vectors 
be as indicated in Fig, 12.30. Apply- 
ing Kirchhofif’s laws, for the 
meshes AREA, AEDA and BCDB, 
we have 


Aii-[ 


r+ 


R 


0 




Jl=0, ...(118) 





1 + jUoCR, 


l-R^I^=0 


..(119) 


Fig. 12.30. 


and 


Ri (l+li)'-JcoLl2 — i?4l3+rl=0. 


...( 120 ) 


Substituting values of ^ and /, from Ea tlist 
^cspmively in Eq. (120) and equating the real and imaginary parts! 


and 


L=CR, [r(l+i{,/2?,)+J?J. 


...(121) 
...(122) 

Thus we see that the imperfection of cananitn. .... 

on the measured value of the self inductance / anH t, 

on the measured value of R,. ^ and has a small effect 
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D 




Fig. 12.31. 


■w A effect of an imperfect capacitor in Owen’s 

ridge, Jet us assume tliat the effect may by represented by a small 

g series resistance R^. The conditions 

for balance are given by 

Ty R Rl+jo^L j?,+ ]/toC. 

A V n Solving this relation and 

‘ n \C equating real and inYaginary parts, 

\ n / I we have 

I Rx^A+LlCr = li^R., .,.(123) 

\p! and ojLB^~E^lcoC., + HjwC,=i) 

-(' 24 ) 

p. ^ Thus both conditions for 

L/ bslance arc cftccted by the impcr- 

fectness. The second • condition 

involves oj, showing that the 
Pig 10 7 1 source must be free from har- 

monies. In this respect, Owen's 
bridge is inferior to the Anderson's bridge. 

12 19. MEASUREMENT OF MUTUAL INDUCTANCE 

{a) Modified Carey Foster Method. The Carey Foster bridge 
was devised to determine the mutual inductance between two coils in 
terms of a standard capacitance and two known resistances. A vari- 
able resistance is included in series with the standard capacitor and 
one arm is short circuited in Heydweiller’s modification of the origi- 
nal Carey Foster bridge. It is undesirable to classify this circuit as 
a bridge, but it is the usual practice. 

When /?2 is zero the resistance is obviously connected 
directly across the supply (neglect- • o 

ing the primary of M). The pri- 

iTiary of the mutual inductance is ^ p _ _ 

connected so that the voltage 
induced by it in arm CD neutra- 

lizes the drop due to the current 'X.C. 

I 2 in this branch. When i ?2 = 0 , d )) 

the drop across the arm CD must ^2 
be zero for the balance position. 

The balance is obtained by vary- il I 

ing i?g and /? 4 . ^ j 

As it is not of the W heat- ^ 

stone bridge type, hence the I 1 

general relation Z,/Z 2 - Z 3 /Z 4 , can 

not be used. Using Kirchhoff’s p/g, 12.32. 

laws we thus have 


.R3 


R2=0 




Fig. 12.32 


Ij— I+I2, 


(first law) 


...(125) 
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(Z ?3 + l//wC) l8==0 (for mesh ABDA) ...(126) 

(^4+7^^)l2+/c^ ^/(Ii+Ia) — 0. (for mesh BCDB) ...(127) 
Substituting value of Ij from Eq. (126) in Eq. (127), we get 

j \i+jcoM\2 = Q, 

Equating real and imaginary parts we have 

/t' 4 +A//C/^i -0 or ...(128) 

L rMR !R,\-M=^i) or ...(129) 

These equations represent the conditions of balance. These 

conditions require that M shall be negative. Thus we have 

.1/=C/?i 7?4 and L=Af(/? 3 /fi,+ l). ,..(130) 

These balance conditions are independent of one another and 
frequency of the source, can be obtained by varying and and 
keeping constant. Second condition shows that L>M. The 
balance cannot be obtained if the leads of the secondary or the 
primary are ’craped in the wrong w'ay. 

If the condenser is imperfect, R^==R--i\ where R is the known 
resistance and r is the contribution of irr.perfectness, then we have 

L=d/[1 - (/7-f r)/^i] or R-^Ri[LlM~\]—r, - (131) 

The power factor for the condenser wCr can be calculated by 
plotting R against R^. Since includes the resistance of the coil 
(secondary of the mutual inductance), we can write R^ — R’ yr' 
where R' is the known resistance. Then ’ 

\/ = CRi{R'-^r') or R' = MICR,-r\ ...fl32) 

A graph betwetn R' and 11 gives us the value of M, ifC is 
known. The value of r' can be calculated by the intersection. 


and 


and 


In the derivation of balance conditions we have assumed = 0 
If the arm BC has a small hut finite resistance A/?, then the balance 
conditions, obtained by using KirchhofT’s laws, are 




and 


L=M[l+I{3lR,]- . 


These equations show that the balance 
frequency only if A7?=0. 



...(133) 

...(134) 
independent of 
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{b) Mexwell’s Method. 





Fig, 12.33. 


This method is used for the compari- 
sion of two unequal mutual 
inductances. One M 2 is a standard 
variable and other is measured in 
terms of it. and Zg ure the 
self inductances of their secon- 
dary windings. Bi and E 2 are the 
total resistances of two balances. 
To obtain exact baiancb a variable 
self inductance L is inserted in 
either branch so that it is in series 
with Ti or Lg- 

At the time of a balance, if 
I is the current in the source circuit 
and I' in the loop A BCD A, and 
inductance L is in series with Lu 
then 


BiV -\-joj{Ly-\- L)V A-joiMi I— 0. (for mesh ABDA) .--(135) 
and -Fju) {for BCDB) ...(136) 


Substituting value of I from Eq. (135) to Eq. (136), we get 

M 

[Ri+j<v{L^+L)V 

Equating real and imaginary parts we have 
7?2 — M^Bil ^'il=0 or / M 2 = BJ B 2 


and Li+L — MxLJ ^2=0 or Mj/ 

MJ M 2 = R 1 IB 2 = (Li + L )IL2 . ...( 137 ; 


12.20. MEASUREMENT OF CAPACITANCE 

The methods of determination of self and mutual inductance 
in terms of standard capacitance and resistances may equally well 
be applied conversely to the measurement of capacitance if the stan- 
dards of inductance are available. Other few methods are : 

(a) De Sauty’s Bridge— This method is the simplest way of 
comparing two capacitances. In this bridge two capacitors w'hose 
capacitances are to be compared or one unknown and other ..of 
known capacitance are connected as shown in Fig. 12.34. Audio 
frequenc}' oscillator and headphone are connected in the gaps AC 
and BD respectively. 

If the power factors of the capacitors are neglected, then at 
balance we have 

Zi Z3 , Ri \l jwC-i 

Za" Z, R 2 l/jcoC2 

Thus BJR 2 = C 2 /C 1 or C^-^-CzRjRi. 


...(138) 
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A comparison of capacitances is therefore made in terms of 


B 



I,R,-l2R2 



±_-k_ 

GJC2 


variable, non inductive resistances Ri and The balance is also 
independent of frequency. For maximum sensitivity Cg should be 
equal to C,. The perfect balance can be obtained only in the case 
of air capacitor. 


In practice the comparison of ordinary condenser is not so 
simple, as the capacitors are not both free from dielectric lossess. 
As the behaviour of a condenser with an imperfect dielectric depends 
on the frequency, it is important that the correct periodicity be 
employed. Imperfect capacitor may be regarded as made up of a 
capacitance associated with a resistance, either a small resistace in a 
series or a large resistance in parallel. To obtain an accurate 
balance, it is necessary to balance out the associated resistance. 


8 


B 


(b) Wien’s Bridge."^ It is a direct modification of De Sautys” 

bridge. In it Ci and Cj, the 
capacitors to be compared, are 
assumed as perfect capacitors in 
series with small hypothetical 
resistances and rg respectively, 
where ri and are the loss com- 
ponents of the capacitors. R 
and Ri are the resistances requir 
ed to obtain exact balance. All 
the resistances in the bridge are 
supposed to be non-inductive. At 
the time of balance 

// ojCi 



or 


Fig. 12.35. 
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or Rx {R^+r^-^VjcoC^—R^ (^ 3 +ri+I//cwCi) 

Equating real and imaginary parts, we have 

-^l/^2 = (-^34‘^l)/(-^4 + r2) ...(139) 

and = CJCi. . . .( 140) 

These balance conditions may be satisfied, though not 
independently of another. The balance arms Ri and R 2 are 
variable and R^ and R^ are the adjustable resistances used to bring 
the potential differences between BC and CD into phase. Two 
resistances and R^) are included because it may not be known 
at the start which of the capacitors has the lower power factor. 
Only one of the resistances can be used with Rg and R^ both zero, 
the ratio is adjusted until the indication of the detector is a 

minimum. The balance is then improved by adjusting R^ or R^ 
as the case may be and still further improved by adjusting RJR§ 
and so on. Thus a perfect balance is obtained by successive 
adjustments. 

(c) Schering Bridge. Schering bridge is the most accurate 
bridge method for the determination of (small) capacitances of stand- 
ard capacitors. It is also used for the measurement of permittivities, 
i.e,, dielectric constants. It is now most widely used for measuring 
dielectric loss and power factor and in the testing of cables and insu^ 
lators at high voltages. 

In its simplest form the bridge is shown in Fig. 12.36. The 
condenser under test Cx is placed in the arm AB of the bridge. R is 

an imaginary resistance represent- 
ing its dielectric loss component .A 
standard capacitor C 2 is placed in 
the arm AD. The remaining arms 
contain non-inductive resistances R% 
and jRg. In parallel with R^ a 
continuously variable calibrated 
air capacitor Cg is connected. Such 
an air capacitor will have negligible 
power factor. The impedances 
of arms ^45 and AD are usually 
very high and that of arms BC and 
CD are usually small compared 
with those of the former. Due to 
this reason the detector (vibration 
Fig. 12.36. galvanometer) and the resistances 

are at potential only a few volts even when a high voltage supply 
(<^10^ volts) is used. 

At the time of balance, we have 

Z]/Z2=Z3/Z4. 
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* • 


Z,= lljaiCt and Zt=RJ(l+ja,CsRi). 

R i/ jcoC, 

R3KI+j<^CM 


or 


Rt(l+J(i>CiR) 

R{\-jwC,R) 


Ri(l+u,^Ci^R^) 


J 


; {l+j(uC^R^) ^ (oCjRs-j 

CoC,/?8 


o)Cai?g 

Equating real terms, we get 

i?/(l+c»“C,2^>=C,i?2/C,. 

Fig. 12.37 represents vector diagram. OC is the potential 
applied to the bridge from the supply. 0.\=Vi, the pd across 


...(141) 



Fig. 12.37. 

vector OB = V„ the pd across BC (or DC). The current 

reDrer^ntVtif™* -^-^and BC is represented by vector OH, while OF 
TeDrp!enJ ti, current I* flowing in AD and DC. OG and OJ 
tbf/lv current I, through C, and R respec- 

J through OD and OE represent the components of current 

the anal! 1 , ^ respectively. It is clear from figure that 8. 

is given current and potential vectors through capacitor Ci 


cos 8=— 

Fj V (l/i?Ha.=^C,^) 


coCfR 

vU-i-w^Ci^R^) 


(142) 


Thus Eq. (141) reduces to 

cos® ll<^^Ci'R = CiR.jCi or C, = C 2 cos® S.'co'CiQitRj 
From triangles GOH and EFO, we have 

tan8=-i^__?::2f^'Q 

V^jR^’ 

hence \l‘»C^R=coR,C 3 or Ri=\loj'^C^CiR. 

Thus the expression for Q reduces to 

Ci = C27?8 cos^ hjR.^ 

—C^R^jR^f since S is small. 

1 


(143) 
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To obtain balance, R„ C, and C, are kept fixed and A is 
adjusted for nimimutn sound. If the sound is not minimized Q is- 

also adjusted first. By doing alternate adjustments of Ca and a 

perfect balance is obtained. 


The power factor of Cx is cos S, we may write it as 

cos 


...(144) 


12.21. MEASUREMENT OF FREQUENCY (LOW) 

measurement of inductance or 
capacitance the balance conditions are independent of frequency 

that is why the freedom of the 
source from harmonics is not an 
essential requirement. The situa- 
tion is entirely different in the 
measurement of the source fre- 
quency as the balance is to hold 
only at one fiequency. If harmo- 
nics are there the balance point is 
blurred when a telephone is used 
as a detector, a vibration galvano- 
meter is also impracticable as this 
would have to be turned afresh to- 
every new frequency. 

Robinson's Frequency Bridge. 
It is the modified form of the 
Fig. 12.38. Wein’s capacitance bridge. It con- 

sists two high class standard capacitors Cj and Co. preferably of 
equal value, and four non-inductive resistors R\. R^, R? and R^. 
Ri is in parallel with Ci, R^ in series with C* and R^ and R^ con- 
stitute the third and fourth arms of the bridge. For balance we: 
require 



(J-+7coC,)( 


Equating in turn the real and imaginary parts, we get 

RJR. + CdC.^RJR^, •• (145) 

and ajCiR3“4-( — l)/wCoRi=0 or l/CiCoRi^s- ..•(H6) 

Robinson simplified these conditions for balance by making 

and R,--^R^^R (say). Now above conditions become 

R^=2R2, ...(147) 

and oj —1/CR or frequency f—ljlizCR. ...(148) 


Thus the bridge can be used for the measurement of frequency 
by adjusting = R^^^R^ and Ci = C 2 . 
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For C constant, / oc \/R (or oc conductance), thus the scale of 
the instrument becomes linear when resistance boxes are replaced by 
conductance boxes. This bridge has the great merit that there is no 
inductive coupling in any part of the bridge. 

Any harmonic present in the input voltage will appear in the 
detector arm at balance as the conditions for balance consist w. A 
sensitive ear can find out balance position with the fundamental 
even in the presence of harmonics. 

12.22. WAGNER EARTHING DEVICE 

At high frequencies stray capacitances arise error in the results 
^obtained with the bridges previously described. Let us suppose that 



Fig. 12.39. 

^ 1 . ^ 2 * ^3 and comprise the four impedances forming an ac bridge 
and one of them is on test. and Z, are the two variable impt 

dances of the Wagner earth branch connected across the ac supolv 

the central point of which is earthed. The detector is connected by 
a two-way key either to S or to B', the common terminals of impe- 
dances Zj and Z 4 , and and Z^. respectively. The stray capaci- 
tances are represented by the broken lines in the figure. Thev will 

^ current will flow from 

In ^ I® current from the points A and C 

to earth can not affect the balance of the bridge but the currents 

through and Z, (or Z 3 and Z,) cannot be equal V curLts flow 

from the points B and D to earth. If the point B is earthed the 

currents Z, and are unequal even when the detector current is 

zero. It means that we do not have natural balance. Wagner over- 
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come this difficulty by bringing points B and D at earth DotentiaP 

the detector is connected to earthed point B' and the balance is’ 

balance, point D is at earth potential but because of the currSt to 
Singed aaain"hv".°^*'"p^'‘^ u jZ,/^, = Z,/Ze. The main bridge is 

S?reml is obtained. At this time detector 

current IS zero either we connect the detector to B or to B' Thus 

S /) ^ the same potential. In this way points B 

S ip Vn H V ^ ^ "o effect on the 

balance conditions and the relation ZJZ 2 ^Z,/Z^ is satisfied, 

12.23. MEASUREMENT OF DIELECTRIC CONSTANT 

Wagner earth device is needed when the impedance to be 
oun IS high {e.g.^ small capacitauce). The dieJectric constant 

can be mea>ured by measuring 
capacitance of a condenser, first 
with air as dielectric medium and 
the second with the substance under 
investigation as dielectric medium. 
The latter is naturally greater than 
the previous one. The ratio of 
these capacitances gives the di- 
electric constant, Since such capa- 
citors have a high reactance, hence 
Wagner earth device should be used 
in that bridge, used for the capaci- 
tance measurement. A simple 
bridge used for this purpose is a de- 
Sauiy bridge with a Wagner earth 
(Fig. 12.40). C is a variable wire- 
less receiving capacitor of maximum 
p. capacitance 500 pf. It is carried 

/g. below a polystyrene plate supported 

on the upper edge of a cylindrical glass jar of ample size. On the 
top of the plate there are two terminals connected to the fixed and 
moving vanes respectively. This plate is placed in the arm AD 
of the bridge. Cj and Co are two variable air condensers of the 
maximum value 0.0005^/ (500 pf). 7?2 and R are non inductive 
resistance boxes. The source is a valve oscillator supplying about 
15 volts at a frequency of 1200 c/s. The detector is a pair of ear- 
phones. 

Starting with air as medium, alternate balances for the main 
bridge and then for the Wagner earth circuit are found by varying 
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Ri and R^, The vessel (jar) is filled with the liquid under test. The 
balances are again found alternately by adjusting Ri and R^ as done 
before. Let R' be the new value of R, then 

CR=kCR' or k=RIR'. ..(149) 

The error is 5%, if the Wagner earth in not used. 


12.24. MEASUREMENT OF SPECIFIC CONDUCTIVITY 

Kohlraush’s bridge. The specific conductivity of the electrolyte 
is determined by using Kohlraush’s bridge, the modified form of the 
Wheatstone’s bridge in which the effect of polarisation is reduced by 
using an ac source. The back eraf is reduced by using electrodes of 
large area. 

The non-inductive resistances Ri and R, are connected in the 
ratio arms, i?,, and a capacitor C are connected in parallel and thus 
form the resistance arm. The voltameter is connected in the un- 
known arm. A supply in the range from 10 to 20 K at frequencies 
upto 1 kc/sec and high impedance telephones (used as a detector) 
are connected in the source arm i4C and detector arm BD respecti- 
vely (Fig. 12.41) 


At the balance condition 0 



or RiRa^^ joy CRi Rj^R^ 

— ^2-^3 “b C^aRaR^Rz' L— J 

Equating real and imaginary parts, Fig, 12,4 L 

we get 

RiR^=R^R^ or Rx>=-R^R^IR^. ...(150) 

and ojCRiR^R,=ayC^R,R^R^ or Ca:=CRJR^, ...(151) 

The i ?3 and C are adjusted alternatively for minimum sound 
in the detector. With the help of above equations, the inherent 
capacitance C* is measured. 

Kohlrausch from his experimental results suggested that the 
dissociation theory is only tenable for the weak electrolytes, e.g,, 
ammonia and acetic acid and most of the organic acids and salts. 
For strong electrolytes, e.g., inorganic salts and acids, a is practically 
unity for all concentrations. The variation of f\ with concentration. 
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is mainly due to variation of the ionic mobilities with the concentra- 
tion. Experimental results show that the equivalent conductivity 
decreases at high concentrations and becomes practically constant 
at low concentrations. Debye and Huckel gave a theory applicable 
to strong electrolytes. The students are advised to read it 
from Electricity and Magnetism, vol I, by J.H, Fewkes and John 
Yarwood. 


Exercises 

Example 1. A circular co'l, having 100 turns and of radius 25 
cm rotates uniformly 10 times per sec about a vertical diameter in a 
place where the angle of dip is 60"^ and the resultant field strength is 
30 ampimeter. Assuming self inductance of the coil as negligible, find 
{a) the maximum emf in volts^ {b) the maximum current in amperes 
and (c) the rate of production of heat per second in the coil of resis- 
tance 10 Q. 


The vertical and horizontal components of magnetic field arc 
30 sin 60° and 30 cos 60° respectively. The vertical component is 
always !1 to the vertical coil, hence no eraf is induced in the coil as 
the resultant flux through the coil is zero. The horizontal component 
gives the induced emf only. The flux associated with the coil at an 
angle S is 

/. <5)=BAn cos d^tionAH cos S. 

Induced emf ^=—d(t>ldt—t^onAH sin 0 {ddjdt). 

Hence S will have maximum value Vq, when sin 0=1. 

Vo^P'onAH (ddldt)=PonA (30 cos 60°) (ddidt) 

=4tc X 10-’ X lOOx tc X (0.25)2 ^ 30x (1/ 2) x 20Tr 
=2.32X 10"2 volt. 


The maximum current 



2.32 X 10-2 
10 


= 2.32X 10"2 amp. 

Rate of production of heat=/rm/ -^=2 lo^E 

= 2.65 X 10"^ joule/sec. 

Example 2. A coil of self inductance 0,7 henry is joined in 
series with a non-inductive resistance of 50 D. Calculate the wattless 
and power components of current when connected to a supply of 200 
volts at a frequency of 50 cyclesjsec, 

Im pedance Z = = V [ 50^ + (2 tt x 50 x 0. lY] 

=225.4 ohms. 


Alternating Current 


585 


and 




The current lags behind the ac 
emf by an angle <l>. Thus the current 

vector I will make angle ^ in clockwise direction with the emf 
vector V, The component I cos in phase with V is responsible 
for the power dissipated and is known as the power component of I. 
The component of /sin 90^^ out of phase with V, does not contri- 
bute to the power and is known as wattless current. 


/. Power component of current^/ cos ^=0.887Xcos IT 12' 

= 0.197 amp. 

and wattless component of the current 

= /sin <^ = 0.887xsin IT 12' 

=0.865 amp. 


Epample 3. Show that when a coil o inductance L and rests* 
tance R is attached to two terminals at which an emf v = Vq sin cot is 
maintained, the average rate of consumption of energy is 

This problem is same as given in article 12.6. The current 
flowing through the circuit is given by 


1= 


sin (cor— where ^=tan~^ — 


R 


As the energy will only be dissipated in the circuit resistance, 
hence the average rate of consumption of energy 

r/’=27c'w 

Jo oi r 2 TC w V^^R 

~ ="27t~ Jo dt 



T=2t: 


dt 


__ V^^Ray 
2vt{R^+oy^L^) 

_ Va^Rco 


1 r27c/,»i 

“2 Jq [1— cos 2(cor— 0)] dt 


475(J?>+a.*L>) 




sin 2{cot—<t>) 


2co 


Jo “ 


V^^R 

2{R^+co^L^) 
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at a ^ ^^0 volts is put across main 

lamp takes 10 amperes and the frequency is 50 per second. Find (i) the 

choke^on' V=pd V, across the lamp+pd V, across 

y=v(Vi^+vf) 

y 2 = V(v^-vf ) - ^(200^ - 1 50=) = 1 32.3 volts. 

r will be same in the circuit, hence the pd across the 

choke of self inductance L is 

V^^coLjr^lTzflL 


or 


or 


itcfi 


132. ^ 


2l^r4x 50X10 henry 


5. In an oscillating LC circuit, calculate the charge in 
ufl charge on the capacitor when the whole energy is 

shared between electric field and magnetic field. Assuming L^IO mH 

ana o _ / ,0^], find the time required for this condition. 

Let be the maximum charge on the capacitor. 

ir • * ^^ximum energy associated with the capacitor=^mV2C. 
Jt q be the charge on the capacitor, when half of the energy is con- 
verted into electric energy linked with the inductor, then 

qJ-jlC or q=q,„l^f2. 

To find time, assuming ^=0, 

q^qm cos cot = qJ\/2. 

.. cos cut — 1/^/2, cur=45^ = 7c/4 or t=n/4co, 

^ Wo xTo-^ro"-")^ = 'O' 


^~^'4x |q 4 = 7.85x 10"® sec. 

Example 6. A 20 volt 5 watt lamp is to be used on a.c, maim 
of 200 volts 50 cyclesisec. Calculate the (f) capacitor, (n) inductor to 
be put in series to run the lamp. How much pure resistance should 
be included in place of the above devises so that the lamp can run on 
its rated voltage. Which of the above arrangements will be more 
economical and why ? 

The current required by the lamp 

__ Power _ 5 ^ 

Voltage 20 -0-25 amp. 
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The resistance of the lamp=Voltage/current==20/0.25 

=80 ohms. 

If the lamp is to run at 200 volts, 50 cycles/sec. a.c. mains, a 
capacitor (or choke) must be placed in series with the lamp in order 
to increase its effective resistance so that the current through it is 

0. 25 amp only. 

(/) Let C be the capacitor of the required capacitor, then the- 
impedance of the circuit becomes 

Z = ■v/(^' + = v/(^2 -i- 1 - V[802 -h 1 /(27r X 50)2C2] . 

The current in the circuit must be 0.25 amp, hence 

/= K/Z =200/ V(WTT7l0ijW") =0.2 5 
or 80’*-!-l/(lC07r)2C2=800'= 

1. e., C=4.0 m/. 

((7) Let L be the inductance of the choke placed in series with' 
the lamp to set the current at 0.25 amp, then the impedance of the: 
circuit becomes 

Z-V(i^' + A'L-) = v'(i?'4-o>2L^) = \/[802+(27rX50)''L2] 

The current in the circuit is 

1= F/Z=200/\/(802 4- 100VL2) = 0.25 
or 80*+100VL2=800" 

i.e., L=2.54 henry. 

(iii) Let r be the resistance placed in series with the lamp in 
place of a choke, then the current in the circuit 

/=K/(/?+r)=z00/(80-fr) = 0.25 
or r=720 ohms. 

(iv) In the last case, /.e., the insertion of a resistance of 720 

ohm to run the lamp, the dissipation of energy is maximum, while 
in the case of a choke in series the power consumption is practically 
zero or Xc). Hence it will be more economical to 

use inductance or capacitance in series with the lamp to run it., 

Example 7. A 200-ohm resistor and a capacitor are con^ 
nected in series acros, a 120 volts 60 cycles/sec. line, 

{a) What IS the impedance ? {b) What is the r.m.s. value of the current, 
u power dissipated in the circuit ? (d) What will be 

the reading of an a.c, voltmeter-connected across the resistor and across 
the capacitor ? 
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(fl) The capacitive reactaace Xo=llmC=i[2nfC 


= ]/2x3.14x60x 1X10"« 

=2653.9 ohm. 

When a capacitor C is connected in series with a resistance R, 
' the impedance of the circuit becomes 

Z=VR^+Xo^=V 2000^4-2653.92=3323.2 ohms. 

(b) The r.m.s. value of the circuit is given by 


lTms~~ 


K.,s _ 120 


3^ = 0.036 amp. 


(c) la the circuit coataiaing resistance and capacitor, the 
phase lag is given by <!> and the power factor 

cos 9i=/?/Z=2000/3323.2-=0.602. 

Therefore the power dissipated in the circuit 

^ ^fma COS ^ 

= 1 20 X 0.036 X 0.602=2.6 watts 

(d) The potential differences across the resistor and the capa- 
citor are given by 

FR-=/r„,xi?=0.036x 2000=72 volts 
P^c=/r,„,xZc=0.036x 2653.9 = 95.5 volts. 


Thus the a.c. voltmeter will read 72 and 95.5 volts, when con- 
nected across the resistor and capacitor respectively. 

Example 8. A series resonant circuit has L=1.0I //, C=20f^f 
and R=70 ohms to which an emf of 100 K, {r m.s.) is applied. At 

which frequency of the applied emf will it resonate with maximum 
response. 

In a LCr series resonance circuit, the impedance of the circuit 
■is rainimura and is equal to the resistance of the circuit, i,e. 

Z=R^ + (cuL - 1 /o,C)2 

i-e^, a>L~\lojC or oy^=\ILC. 

Thus the frequency of the applied emf for the maximum 
vfesponse 


/=co/27r=l/2n\/ LC. 

= 1 /2 X 3. 1 4 (1 ,01 X 20 X lO-^y 1^=35,43 c/sec. 
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Example 9. If in the LCR-series circuit a.c. voltmeter reads 3G 
volts across the resistance, 80 volts across the inductance and 40 volts 
across the condenser, what is the applied ewfl 

The voltmeter reads the r.m.s. value of the voltage. The total 
applied emf may be obtained by a vector method. The voltage 
across the inductance Fl leads by 90° on Fk and across the capacitor 
Fo lags behind by 90°, therefore the resultant voltage is the 

vector sum of Fr and (Fl'^Fo) which are mutually perpendicular ta 
each other. 

Fr„,»=FB2 + (Fi.-Fo)2 

=30H(80-40)2=900+I600 

or Frmj = 50 volts. 

Another method is to use the relations 

— Fl = 0)L/,„,, Fo~/rm#/wC. 

As Z = 4„,.V'^* + M^/«oC)2 

(Ams + <oL~ Ir„JwCy- 

=\/f^R^+(KL-Fo)" = V10H (80-40)2' 

= 50 volts. 


1 • 7 4 A coil of resistance 60 ohm and inductance 3 

Tom' ^ t^fandan a.c. supply 

^ ^ f Cti/ew/ijre (0 the impedance in the circuit 

00 the phase difference between current and voltage and (Hi) the 
potential difference across the inductor and capacitor. 

0) The impedance of the LC^-series-circuit is given by 

Z=\/R^+{Xi.~~Xoy , 

Given 7? = 60 ohms, A'L-=coL-2n/L=2x 3.14 x 50x 3«942, 

/ajC=--l/2«/C= 1/2 X 3. 14x50x4 X 10"® 

= 796.2 ohms 

Z= V60H (942^-7^^= 1 57.7 o .m. 

((7) The phase difference between current and voltaee U 
given by 


60 


iiii) The r.m.s. value of current passing through the circuit 

K,„8/Z=200/1 57.7= 1.27 amp. 
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/. The potential difiference across the inductor 

Zl = 1.27x 942=1194.7 volts 
and across the capacitor 

Vo~lrm$ ^0 = 1.27x796.2=1009.8 volts. 


Example 11. In an ax. circuit an inductance of 1 H, a capa- 
citor of 0.2 pf and a resistance of 3000 ohms are connected in series 
to a 10 volt a.c. source of lOOOjlK cyclesjsec. Find the peak current 
in the circuit and power consumed. 

In a series LCR circuit, the peak current is given by 



Vo 

V i.<vL 


In this problem, = 3000, cu = 27c/= 1 000, L=l, C=0.2XlO”®. 
and = 10 voles. Therefore Fo = -s/2 Frm. = 10v/2. Substituting 
these values in the above relation, we get 

/o = 1 0 v'2 Vbooo^+oWxT^^^T/iooox'oT^'^ 

=2.83 railliampere. 

The power factor is given by 

cos <i>=Rls/ R^+{a>L-\loyCY 

= 3000/'\/30tJ0"+(1000-l/lL00x0.2xl0-T 

= 0.6 

/rm.=/o/\/2=2.83x 10-®/\/2=2x lO"® amp. 

Power consumed in the circuit 

P^Irms Vrm, COS ^ 

= 2 X 10-®X 10X0.6 = 1.2 X 10-2 watt. 

Example 12. A 60 cycles AC-circuit has a resistance of 2 ohms 
and inductance of 10 millihenries. Whnt is the powt r factor 1 What 
capacitance placed in the circuit wUl make the power factor unity ? 

Power factor of a Z./?-circuit is given by 

cos 0 —Rj's/ R3-{-0^LY 
In this problem, given that 

i?=2 ohms, L=10x 10“2 henry 
a*=27c/=2 X 3.14 X 60. 

cos 6 =2/ V2* + (2 X 3 . 1 4 X 60 X 1 0 '^)* 

=0.469. 


and 
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When the capacitance is placed in the circuit in series with the 
^resistance and inductance, the power factor 

cos ^ =i?/V {<oL— \l<oCf 
It will be unity, if 

R=Z= y/R^ + {c.L-\lo,Cf 
tuL— l/coC=0 or C=II<v^L=II4kY'L. 

Substitution of numerical values gives 

C=1/4X(3.14)=X60'-X 10-*=704 hf. 

Example 13. The alternating emf of rms value 100 volts and 50 
cycles is applied to a circuit containing the inductance of 5 henries and 

the capacitor nf 2 microfarads and resistance of 1000 ohms in series 

What rms current flows ? What would be the effect of (a) doublim and 
•\b) halving the frequency ? 

The maximum value of emf=Fo=Kr„. v/2=100v2. 

The current in LCR circuit is given as 

Vo 


1 = 


'V/[^"r(wl-I/coC) ] sin (a*r-9S), 


where 


or 


j ^ , ojL — 1/cyC 

^ = tan ' ^ 

Maximum value of current /, = Fo/ V («<£-] /coC)2] 

= 100V2 

\/[1000^-r(27r X 50x 5 — l/27rX 50x2 X 10“®)*] 

= 0.09998 ^2=0. 1414 amp. 
rms value of current=/,„,=/o/x/2=0.09998 amp. 


. 1 , . This current is nearly same as due to the resistance only as 
by\ p\ts"e ' applied ^emf 

^ = tan-> J5kz}dj5£. 

R 

= tan-i 27iX50x5-l/27rX50x2y in-8 


= tan"^ 


1000 


( 0.02) 0.02 radian (— ve for lag) 


(Because the angle is very small hence tan in radian) 


Time advancc= ^ 


27r 50 


— 6.4 X 10~® sec. 


Rest part of the example is left as an exercise. 
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Example 14. Find the voltage across the various elements, Le., 
resistance, capacitance and inductance, which are in series and having 
values lOOOQ,, 1 pf and 2.0 henry respectively. 

Given emf as v={100\/2) sin 1000 t volts. 

Therms value of voltage across the source==100v/2/V2=I00 
volts and co=27r/=I000 sec“-. 

/. VrmJZ= VrnJ\/[R^+ (coL- 1 /a.C)2] 

100 

\T1000- + (1000X2-1/1000X1X 10-®)2] 

= 0.0707 amp. 

The current will be same everywhere in the circuit, therefore 
PD across resistor=P'E=0.0707x 1000=70.7 volts 

PD across inductor=KL= 0.0707 X 1000x2=141.4 volts 
PD across capacitor=Fo = 0.0707x (1/1030 X 10“®) = 70.7 volts. 
The rms voltages do not add directly, as 

FrH-Fl+Fo= 282.8 volts, 

which is not the source voltage 100 volts. The reason is that these 
voltages are not in phase and can be added by vector or by phasor 
algebra. 

Example 15. A circuit consist’! of a non inductive resistance of 
50D, a coil of a inductance 0,3H and resistance 2Q., and a capacitor of 
40 pf in series and is supplied with 200 volts rms at 50 cyclesisec. 
Find the current lag or lead and the power in the circuit. 

Total resistance in the circuit=50+2=52 ohms. 

Inductive reactance A'l=coL=2x3.14x 50x0.3=94.2 ohms. 

- Capacitive reactance JV'o = 1 l<x)C= l/2x3.14x50x40x 10 

= 79 6 ohms. 



V[52"+(94.2-79.6)'] 


= 3.7 amp. 

As Xi.>X'o, hence the current lags behind the applied 
an angle <f>, given by 

, Xij—Xc 94.2 — 79^_^^q 

tan D 52 


emf by 


= 0.28. 


^= 15 ° 5 '. 

Power factor cos = 

cos = 


or 


0.96. 


52 

V [522+04^] 
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Apparent power=/,^. K,„,=3.7x 200=740 watts 

and true Power=./,„. cos ^=740 X 0.96 = 710.4 watts, 

oaine value is also obtained by the relation 

true power =/r„.2 /?=(3.7)*x 52=711. 9 watts. 

Example 16. A coil of inductance 2mH and resistancp 1 sn 
connected in parallel with a capacitor of magnitude 0 001 a f Find 
(a) the frequency at which the current from an a. c suonlv il 

peak ls£torfZfeMundel'L''s^ 


/= 


=iN/( 


1 

DO 


D 



1 



1 


2x3.14 V V2x iO~^xlO"» 

112.5 kilo cycks/sec. 

Make up current peak value at resonance 


15* \ 

(2 X 1 0-^)2 / 


^valu^ojW __ V,CR _ 2xi0-''xl5 

Dynamic resistance LlCR ~L I XIQ-^ ~ 


~15xl0'® amp. = 15/ttA. 

The peak oscillatory current at resonance 

= VqI(\/ojC)— VqcoC=2 X 27cx I I2.5x lO^x 10"® 
= K41 mA. 


Example 17. In an a.c. circuit given that Xo~200 Cl R= tnn r> 
and the applied voltase Vr —lOO vnitc if tu • j ^ 

X. is varied over a wid^a.ge by varv^ 

resonance and th'> condition f!r maximum chokAtp^^ condition for 

We know that the current in a iC7?-series circuit is given by 
Irr,, = Vr„,l\/[R +(^"1.- A'c)^] 


Thus the potential difference across the choke is given by 
vl-=Xt. I, Vr<r,iV\J<‘+iXi.-xcy] ■ 

The condition for resonance is 


X\.—Xc~200 Q and Z—R — IOQ Cl 
Current /rms=)^rm,//? = 100/l00- 1 amp. 
and the potential difference across the choke 

7,^5=200 X 1=200 volts. 
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The potential drop across the choke will be maximum, when 
dVj.ldXz=0 

X 2(X,.-yA 

K^+(Xj.-Xof ~ 


or 


or 


-0 

[^H (Zl - Zo)*]' ' 2 = Zl(Zl -Zo)[i?H (Zi.-ZojT‘/“ 

i?' + (Z l - Zc)2 = Zi,(Zi, - Zc) 

Zl=(^*+Zo=*)/Zo. 

In the present problem, Zo=200 fi and /?=I00 12 

Zl=(I 00H200“)/200=250 a 

Hence the current in the circuit 


^Tms 


V 


Tms 


100 


V\.R^ + {Xt.-XoY [1 00*+ (250 -200)“] ‘ 


and 


=0.89 amp. 

/r^.= 250 x0.89 

= 223.3 volts. 


^ containing resistance /?,, inductance U 

and capacitance Cy, connected in series gives resonance at the same 
frecfuency as the second similar combination R^, L, and C^. If the 

two circuits are CO nected in series, show that the whole circuit will 
resonate with the same frequencyf. 

In the seri ej-re sonant circuit, the frequency is given by the 

relation /-- 1 /27r\ LC. In this problem these two sets of ZC./? series 
circuit have the same frequency, hence 

f J 

L,Cr = J>C . or Z,=ZaC 2 /C,. 


When these two circuits are connected in series, the total 
inductance L f L.^ and the total capacitance C is given by 



or C= 


C,C 


Ci + Cg 


The resonant frequency of the whole (or combined) circuit is 
given by 



I 

2k yj LC 


1 

2 tt'n/ (Zj i- Z j j Cl Cl/ (Cl + Cg) 
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1 

(frequency of each circuit). 


Example 19. A capacitor of 250 pf is connected in parallel with 

^ coil having inductance of 16 mH and effective resistance 20 O. 

alculate (i) the resonance frequency and (//) circuit impedance at 
resonance. 


The resonant frequency of the LC R•p^x^^\e\ circuit is given by 



In this problem, given L=0.16xlU-3 henry, C=250x 10’^* 
larad, and i?=20 ohms. Therefore 

!_ /H i ~ 20^ ~ 

^ 2X3.14 V 0.16xl0'»x 250X10-12 (0.16X]0"«)^ 

=7.96 X 10* hertz. 


(a) The circuit impedance at resonance is given by 

^ L 0.16x10-3 
CR ~ 250 X 10-12x20 

= 3.2x 10* ohms. 


Example 20. An A.C, ‘circuit consists of a 220 ohms resistance 
and a OJ henry choke. Find the power absorbed from 220 volt 50 
cycle mains connected to this circuit if the resistance and choke are 
joined (i) in series and (ii) in parallel. 

(/) When the resistance R and choke of inductance L arc 
connected in series, then the impedance Z of the a c. circuit is given 


Z=VK" + <^'‘L^=-‘\/R^+{27zfLY 

Substituting numerical values, we get 

Z= V (220)^ + (2 X 3. 1 4 X 50 X 0.7)^= 310.99 ohm 
■ . l^Tm«/Z= 220/3] 0.99 = 0.707 amp. 

Therefore the power absorbed in the circuit 


^ ^ fmg COS ^ 




= 0.707 X 220x (220/310.99)= ] lO.l watts. 

(//) W^en the resistance and choke are parallel, the end 

power will be absorbed in the resistance, as the choke does n 
•absorb any power. 
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Power absorbed R^Vr^^^jR 

=2207220=220 watts. 

consists of a sJfinduaan^^L f circuit which 

variable capacitor C The rnnnCt ^ resistance in series with a 

R. Find the value of C fnr^h?i°fU^ shunted by a variable resistance 
pendent of R. ^ ^ amplitude of the current is inde- 

The cJmpTe?rm%7aS'^^^ ^J^ebra. 

Z 7 wL+ Z^, 

r'nH?. ^ ParalJel 

and IS given by ^ 


k=^+ jcoC=. 

R j? 


V :rVo r»*n(i)t 


or 



1 -i-J<oCR 


R 

_ ^(1 —joiCR) 


l + oj^C^R} 


r I 



'. 7j=jtuL-\. 


R{\-JmCR) 


Fig. 12.43 


R 


C 2 r+j( <uL~ 


wCi?2 


\+aj^C^R^ "V i+w'^aR^ 

The magnitude of Z is thus given by 


yr 


CR^ 

,iC 2 Ri 



Of 


Z2=-, 


R 


-4_,.i!r2 I co^C^R^ 

_ -Twc.^r 

l+<o‘C‘R^ +0)2^2. 

is «iso?nde%try7i '“rs‘pos;.sr= w^r"'"' ^ 

R^ 2co2ZCjR2=o, or C=]! 2 cv^L. 
capacaor^f^O^^f \ has inductor of 1 mH, a 

Lpt“;,yS“. '£ 

The resonant frequency of the LCR circuit 

/=4y = 7 

Itt 2tz\/{LC) 2x 3.14 (I X IO~^xO.I x 10 

1 . 592 X 1 0^ cycles/sec. 


loj^LCR^ 
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The angular frequency separation for the two half power noints 
2A‘“— 7J/Z, — 10/10“®=! XIO® radians/sec, 

which is quite large, showing that the resonance curve is flat. 

resoniL^ showing the sharpness of the 
half resonance is very sharp for i?=0.1 ohm, as for this 

half power point separation is only 10^ radians/sec. 

The separation in frequency 

2A/~2A^y/277-= 1.592X 10^ cycles/sec. 

. . Frequencies corresponding to half power points are 
f~^ A/= 1 .672 X 10^ cycles/sec 
and/— A/=1.5J2 x 10^ cycles/sec. 

The power factor at resonance =7J/ZReso.nance 

=RIR = \ 

and at half power points=.B/Zhpp 

=7?//?V2=1/a/2. 

Example 23. A set-up transformer works on 220 volts and eives 
■2 ampere to an external resistor. The turn ratio between the primarv 
and secondary coils is 2 : 25. Assuming 100 % efficiency finT, he 
secondary voltage, primary current and power delivered. 

If /p and I, be the currents in the primary and secondary 

Sre‘for''e forToo respective voltages across them 

ineretore tor 100 4 efficiency, we have power loss zero and 

hVp=-hV, 

or rplf = VjV„^NjN„. 

volts and7‘=2’am!,!™’ NjNp=25l2, Z,=220 

.. VJ220--25I2 or = 2750 volts 

and /p/2 = 25/2 or /,=25 amp. 

Power delivered =/,K.= 2 X 2750=5500 watts. 

circuif^whlto^tn^‘‘^‘'!f'‘^'^, primary and secondary 

mer havhig^ and on load conditions, in an iron cored transfor- 

ratio NjNi%i^jX %06 VaT/-^^ A/=0.5 F, turns 

inductlv^ cTrcuitr‘*Flrh'^®-T b® considered as a mutually - 

and R anH total ^ its own separate resistance 

Aj and K2 and total inductance L. and L, M is the mutual 

'inductance of the circuits ^ mutual 
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In the first case, with no load, the secondary resistance R% 
should be considered as infinity and the primary current /i,q may be: 
given by 

Mf [/?i4-7WA+ -'^/p] 
or I00=li,o [1+;X2X3.14X50 (0.006+0.5/2)] 

=Ii,o [1+7 80.384] 

100 100(1— 7-80.384) 

^1,0- (i_^y gO.384) “ IH 80.384" 

=0.0155-7 1.2438 

/i, 0=1.244 amp. and 1.2438/0.0155=270°43'. 

In the second case, with a load — 50Q, we have relation for 
Ki and with on load condition, as given by equation (86). Substi- 
tuting the numerical values, we get 

100=Ii [11.4887+7 9.2452]. 
or I, = 100(11.4887 — 7 9.2452)/217.464 

Ii = 5.283-7 4.251 

4 1 

Ii = 6.781 amp. and ^i = tan"^ ”5 2^ =321°! T 

The current in the secondary with on-load condition is given by 

l2=7a> i-JoiLi +7'a>p V/ ) 

Substituting the numerical values, we get 

7 157(5.283-7 4.:51)(50-7 339.12) 

5Cr* + 339.122 
= 2.6776—7 1.5732 
/a=3.105amp. and ^j = 329°34': 

Oral Questions 

1. Give the physical reasons behind the facts that impedance of an 
inductor increases with frequency while the impedance of a capacitor 
decreases with frequency. 

2. How can one separate sinusoidal voltages of frequencies 10^ and 
10 Hz by inserting either a 2{z/'capacitor or a 20 mH inductor in series with 
the power source ? 

3. Which of the two combinations of inductor and a capacitor is 
required to (a) transmit a required frequency, (b) to suppress it ? 

4. Point out as many similarities as you can between a LC-resonant 
circuit and the vibration of a point mass at the end of a spring. 
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5. How can one measure tbe leakage resistance of the direction in a 
condenser ? 

6. Under what conditions can current be supplied to an ac circuit: 
without delivering power to it ? 

7. Which will be an ideal chocking coil ? 

8. What are the conditions for resonance in LCR circuit ? 

9. Why the LCR-series circuit is called an accepter circuit ? 

10. What are the possible ways of reducing current in an a.c. circuit ? 
Explain which one is better ? 

11. What happened to the voltage and current if the turns in the 
secondary of the transformer is doubled ? 

12. How emf is developed in the secondary of the transformer ? 
How the primary is affected by increase of load in the secondary ? 

13. A transformer has /ii primary turns and / 7 j secondary turns, 60% 
of the magnetic flux due to current in the primary goes out as leakage. 
Find the ratio of primary to secondary voltage with no load on the. 
secondary. 

14. How can you explain two btUnce conditions in ae bridges ? 

15. Why the Owen's bridge is inferior to Anderson's bridge 7 

16. What do you expect if no ac balance is obtiined in Anderson’s- 
bridge ? 

17. What are the relative merits of the ac bridges used for capacitance 
measurement ? 

18. Whether a 6 volt step down transformer may be used to perform 
bridge experiments with headphone as a detector ? Give reasons. 

Problems : 

1. A circular coil of negligible self inductance, having 100 turns and 
of radius 25 cm, rotates uniformly five times per second about a vertical 
diameter in a plane where the mignetic dip is 60® and the resultant magne- 
tic field strength is 38 amp/meter. Calculate (a) Vq, (6) /j and (c) the rate 
of production of heat in the coil, if its resistance is 10 ohms. 

[1.172 X 10 2 1.172X 10"3 amp., 6.88 x 10"S joule/sec.] 

2. Find the rms value of current in the circuit, consisting of an 

inductance of 100 mH and a resistance of 2000 ohms in series along with a 
ac source of emf 50 F at a frequency of 1000 cycles/sec. Also calculate pd 
across the inductance and across the capacitor. (24 mA. 15 F. 47,6 F) 

3. A 500-^3 light bulb is being operated at 40 watts by an alternating 
sine voltage. Find both the rms and peak values tor this voltage. 

{141 F, 200 F) 

4. An alternating emf 200 virtual volts at 50 cycles is connected to a 
circuit of resistance I ohm and inductance O.Ol henry. What is the 
current and lag in phase between the emf and the current 7 (60.3 amp^ 72®> 

5. Ad ac voltage of 220 rms volts at a frequency of 40 cycles per sec 
is applied to a circuit containing a pure inductance of 0.01 henry and a pure 
resistance of 6 ohms in series. Find (a) the current, (i>) the pd across the 
circuit elements, (c) the lag in time between the voltage and the current. 

(38,83 amp.. 202.98 F, 96.83 V 0.00158 sec.'l^ 
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supply^' c1ilcu°ate°?he^caprchv'of^4e^ cycle 

the bulb. capacity of .he capacitor to be used in series with 

7 A • . 

voltage i>=r28J sVn'sM*'/ ’tductance are connected in series across a 

... •“ - * S3 

circuil, (/7) ihc ims value of thp vnift in the 

frequency at which the inipcdance of thfciSVi^lVe"^^^^^^^^^ 

(0J5 amp, 141 vohs. 25 hertz) 
factor whcn"iHs" cc^ectcd w .Th f Calculate the power 

tance on 200 volts d c ^ ° second if it was to run with a resis- 

{OJ, 1600 watts) 

Choc. NSiccPfilrcS,.';;. •“ //,!i“ £5 

?hVpl!ifa°fl °arge an® induc^orTnuft br'added" in^-^sw ie'"ro make 

the applied voUage is Lo vohs ‘ ‘'’c current in the circuit if 

{//henry. 6 A) 

12. If a 0,03 henry inductor, a 10 fi resistor and a 2n/ ranarimr a,e 

combination Finn vqI ^ is connected across the above series 

current w H be fjt a mi -®® 9.® ftcouencies at which the amplitude of the 

curren Will be (o) a maximum. 6 one half its maximum value: 

[(a) 7.96X 10* cyclesisec. ; (6) 7.99x10* and 7.3x 10* cyclelsec.] 


14. A scries 
Calculate resonance 


LCR circuit has £=ImH, C=0.Ju/ and 7?=J0 Q. 
frequency of the circuit. {1.59x 10^ c s.) 


15. A series circuit contaning /i=300 ohm, C=2u/ and Z.==0.02 H is 

onrr°pn^/!^ ^ ^ ^ ^ **1® resonant frequency, ib) the 

?f *L ! circuit at resonance and (c) the power absorbed at resonance. 

It the applied frequency is twice that at resonance, then what will be the 

absorbed power ? 


o c u '^,,*;^‘‘^*s*3nce of 10 ohm is jointed in series to an inductance of 
0.5 henry. What capacitance should be put in series with the combination 
to obtain maximum current ? What will be the potential difference across 
the resistance, inductance and capacitance ? The current is being supplied 
by a 200 volt and 50 cycle a.c. mains. 

(2fjf. 200 volts. 3140 volts. 3140 volts) 


17. Two coils, one of resistance 2 Q and self inductance 0.015 H, the 

other having a resistance of 1 Q and a self inductance of 0.08 H are arranged 
in parallel on a 200 volt 50 cycles/sec frequency circuit. Calculate the 
currents flowing in each circuit and through the whole system. 
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18. When a potential difference of 200 volts and 50 hertzs is applied 

to an inductive circuit, the current in it is 10 amp and the power consumed 
is 1000 watts. Find the power factor, resistance and inductance of the 
circuit. {0.5, IOq, 3.04 mH) 

19. A resistance of 40 q is joined in parallel with a reactance of 30 
across an ac supply. Obtain values for the resistance and reactance which, 
when connected in series with the same supply, would tike the same current 

and have the same power factor. {14.4 19.2 

20. A average power to the plant is 250 kW and the power factor is 

0.707 lagging. The generators with a capacitor in parallel is connected 
across the plant. If the generator is sinusoidal with 377 radians/sec. 
and the effective value is 2300 volts, determine the val^e of the capacitance 
such that the power factor is 1. {125 ^f) 

21. The internal resistance of an flc source is 10 AQ. (a) What should 

*'^^J®°/,^J^a“sformer to match the source to a load of resis- 

whaf voltage amplitude of the source is lOOV, 

wnat is the voltage amplitude of the secondary on open circuit ? 

{0.03i6. 3.16 V) 

A current of 6 amperes at 220 volts flow in the primary of a 
transformer In the secondary of the same transformer, a current of 1 
.ampere at 100 volts is available. Find the power loss in the transformer. 

{WOO \vatts) 


Network Analysis and Network 

Theorems 


13.1. NETWORK 


A network is a circuit containting circuit elements or branches. 
The circuit elements are of two types : (a) passive and (Z?) active. 
The inductor, resistor and capacitor with two terminals are 
regarded as passive elements as they are not fundamental sources 
of power. The quantitative measure of these elements are induc- 
tance, resistance and capacitance respectively. The active elements 
are those which feed the power into the given circuits. These are 
of two types : ^a) voltage source and (b) current source. An ideal 

voltage source is an active device which can maintain a constant 
voltage across its terminals irrespective of the current supplied by it. 
It is also called constant voltage source. It is always equal to the 
open-circuit voltage. In an actual voltage source, the voltage across 
its terminals decreases as the load resistance is decreased and the 
more current is supplied by the source. This voltage is highest when 
the circuit is an open circuit, i.e., when the source does not supply 
any current. If the load resistance reduces to zero, i.e., if the out- 
put terminals of the voltage source are short-circuited, the current 
will be infinite. A constant current source is an active device which 
can supply the constant current to any load resistance that is 
connected across its terminals. In such a case the terminal voltage 
is directly proportional to the load resistance. 

A group of elements in series is called branch. The junction 
of two or more branches is known as a node or vertex. A set of 
branches forming a closed path in a network is called a mesh. The 
network is said to be a linear network if it consists of linear impe- 
dances. A linear impedance is any impedance that obey’s Ohm s 
law. The resistors, inductors and capacitors fall into this 
category. 


13.2. NETWORK ANALYSIS 

Besides the various circuit theorems, to be discussed in the next 
article, that aid the analysis of circuits, the following several methods 
are used for solving network problems. 
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1. Series Parallel Connections. When the circuit consists of 
series and parallel branches, the first step is to simplify each series 
and parallel branch separately. For this purpose the assistance of 
Kirchhoff’s laws is needed. 

2. T-and ^-Networks (Star and Delta networks). The above 
simple principle alone is not sufficient to solve all problems. Any 
complicated electrical network can be represented, at a single fre- 
quency, by a T-or 77-network. 


Convenient impedance values which may be chosen are with 
open circuit and short circuit. The impedance measured across the 
1, 1 terminals with 2, 2 terminals open circuited are designated as 
Zioo and the measurement with 2, 2 terminals short circuited as 
Zisc. Similar measurements are taken at the 2, 2 terminals and 
are designated as Z20C and Zssc. 




(a) ib) (c) 

Fig, I3.L 

There are eight quantities, the magnitudes and phase angles, 
of k'a, /i and 7,, which must be established by the equivalent 
network. If a load Zr is connected between terminals 2, 2 then with 
the relation Vz=hZp„ one magnitude and one phase angle will be 
determined and we left with other three magnitudes and three phase 
angles to be determined. Thus we require at least three adjustable 
impedances to set up an equivalent network. These three impe- 
dances can be arranged in two different ways as T and tt net- 
works. 

T-network would be said to be equivalent to the network at 

Fig- 13.1 (a), if Zi, Z2 and Z3 are selected to have the same external 

currents and voltages as the original network (a), and hence the open 

and short-circuit measurements must be identical. Therefore for 
T-network 


Zioc^Zj + Zj. 

...(1) 

ZlSO~Zi+ Z2Z8/(Z2 + Z8), 

...(2) 

Z^oo ~Z^~i~ Z^, 

...(3) 

Z^sc — Z.^+ ZiZ3/(Zi+Za). 


From Eqs. (1) and (2), we get 


Zioo - z,sc = Z3 - Zs Z,/(Zj H-Zs) = ZaVCZa + Z.) 


■^8 “ i [Z20c(Zi oc — Z^sc)]^^* , 

...(5); 


or 



>604 


Electricity and Magnetism 


From Eqs. (1) and (3), we get 

Zi=-Zioc— Z 3 and Z 2 =ZiOc— Z,. 


...( 6 ) 


Similarly for an equivalent 7 r-section [Fig. 13.1 (c)], we have 


--^ a (2^ b -}- Zc^j(^Z a.-\' Zb~\- 
Z^&o — Za. Z^H^Za.-^Z'b), 
Z^oc^Z>o{Za ~rZB)l{ZA~\-Z^-{-ZQ), 

Solving these relations, we have 

Z%oo Z180 


Za = 


Zb=- 


Z20C — [ZgocCZioc — Ziso)]*/® 

Z 200 ZjSo 


Zo = 


[ZgocCZioo — Ziso)]^^^ 

Zjoo Z^so 

ZjOO [Z20o(ZiOC — Ziso)]*/^ 


...(7) 

...( 8 ) 

...(9) 


...( 10 ) 

...( 11 ) 

...( 12 ) 


f 


onverswn between T-and 'ti-sections. It is convenient to con- 


^ert directly T-section to equivalent 77-section. 


From relations (1-3) and (7-9), we get 

Za(Zb'^ Zc}/(ZA“l“ZB-f'Zo), 

Zi+Z 2 Zg/(Z 2 -f- Zg) = ZAZB/(ZA + ZB), 

^2“1‘Z^3~Z^o(Za + ZB)/(ZA-f-ZB4'Zc). 

All branches of the T-network is thus given as 

7 - _ -^aZb ^ ZbZo ^ ZoZa 

" Za-FZb + Zo ’ Za+Zb4-Zo ’^"""'zI+Zb+Zo 

...(13) 


If the impedances of the n-circuit are known, the above equ- 
ations may be used to determine the equivalent T-network. 

The inverse transformation can be obtained, if we have values 
of Za, Zb and Zc in terms of Zj, Zg and Zg as 

Za=D/Z 2 , Zs-D/Zg, Zo=n/Zl, ...(14) 

where □ ^ZiZg-f- Z 2 Z 3 +Z 3 Z,. 

3. Nodal Equations. The alternate method of solving com- 
plicated network problems is the nodal method. In this method 

(K) are used instead of impedances and the voltage of 
the node is represented by Ea. E^^ etc. From any reference point a 
currents are going to its neighbouring points, because of its own 
potential. Similarly owing to potentials of the neighbouring points 
currents are coming to this point. As there is no accumulation of 
charge at this point, hence 

/a-/2-/4=0. 


...(15) 
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solution of the problem some convenient iunction bet- 
ween elements is chosen as a reference node (point O in Fig. 13.2). 



or 


or 


13.2. 

and the voltages at different nodes are assumed with resnect 
reference point. The figure shows that wjin respect 

= and £.,=£^ + 8^. 

Current summation at junction a can be written as 
At junction b 

(.Ea—Et)Y2—{E^-£^—£,)Y3—{£^~£j^Yi,=0 

A t junction c 4 4 - 0, 

{^.-E,-Ej)Y,HE.-Ej) 

ine equations may be written as 

(-T, + y,+ y,)f„+y^£', =-yif, 

YiEa (Tj+ y3+ Yj)Ec = —Y^E 

(.Wj)E,~iY,+Y,+ Y,)£,^Y,E/ ,24) 

From these relations \\e can get ootential mfnrmof;^ . ’ ^ 

junction As at high frequencies voltmeters are more com^mrf 

used and are more accurate than ammeters, thereforHodal 

IS very important. ^ noaai metho(j 

. 4 Maxwell’s Method. In this method matrices and h.. 

rninants are used. Maxwell suggested cycle current/t^ n 

different loops and the two following terms ; (I) Self 
■ Sum of resistances through which anv Resistance^ 

(2) Mutual Resistance -The sum of resistances 

current loops are passing. The latter is negative if thfbo'^r 

are passing m opposite directions and is zero when theri k n 
mon path. wncu mere is no com- 

Let us consider a general network such as Fie 13 t Th» .u 

equations may be written as ®’ three 


to this. 
-(16) 

...(17) 

(18) 

...(19) 

...( 20 ) 

...( 21 ). 

...( 22 ) 

...(23) 


+ -^s) A — Z,/,. 


• • • 


( 25 ) 
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0 — — Z^Ii H-(Z^*+Z^3+ Z^l2 Z^Is 
0=-Zj2+(Z,+Z,)I,. 

Zl 22 25 


1 — 


1 


i ^ 


r 

523 

1 

_J 

hi. 



Fig. 13.3. 

The coefficients of the currents in these circuit equations may 
be written as 



-Z 3 

Za -I-Z3+Z4 
-Z 4 


0 

-Z 4 

Z 4 +Z 3 



This impedance matrix may be written as 



■ Zn 

Z12 

0 ^ 

[Z] = 

Zij 

Zaa 

Z23 


L- 0 

Z23 

Zss « 



where Zii = Zi-l-Z 3 the impedance of first mesh, 
the impedance of second mesh, Z 3 -i = Z. + Zf, the impedence of tnir 
mesh. Also -Z 3 =Z,., the mutual impedance between meshes 1 ana 
2, — Z 4 = Zj 3 the mutual impedance between meshes 2 and 3. l 
•original mesh equations (25-27) may thus be written as 


r F 

1 


Zii Zi 2 0 


r^>i 

1 

0 


Zi2 Zaa Z28 


h 

^ 0 , 


_ 0 Z28 Z33 




The currents can be calculated by simple algebra. 



We thus get 


- f(Z.,+Z.)( Z.+Z,)4-Z4Z,]£ . ^ ...(31) 

(Z4-+-Z5)(Z,Zj-+-Z,Z;, 4-Z.,Z3) r-CZi-fZjZ^Zg 

_ Z3(Z 4+Z,)£ ...(32) 

(Z4 + Z3)(ZiZ3 + ZiZ3 + 2-,Z3)+(Zi + Z3)Z4Z4 

ZjZ^f . . ...(33) 

^ = “ (Z 4 + Z 3 )(ZlZ 3 + Zl Zj"^ Z 3 Z 3 ) +(Z 4 + Z 3 )Z 4 Z 3 


The determinant of Z may be written as 


-Az=(-Z’i + Za) 


|Z,+|3+Z4 



+ Z 3 



-Z 4 

Z 4 +Z, 


= (Zx + Z 3 )[(Z 3 + Z 3 + Z,){Z, + Z 3 ) - 
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If the first column of the matrix be replaced by the left hand 
sides E column matrix, then the determinant 


A 


a 0 


E —Z 

0 Zx-\-Z^-\-Z^ — Z4 

0 -Z. Z 4 +Z 6 


= E[iZx + z,)( Z 4 + Zs) + Z 4 Z 5 ] 


•••(35) 


Similarly we have 


Z,+Z, 


A2=i -Z 

0 


8 


E 

0 

0 


0 

Z4+Z5 


= EZ,{Z^+Z^ 


...(36) 


:and 


A 


Zi+Z, 

-z 


0 


3 


-z, 

z,+z, 

-Z4 


E 

4 0 
0 ! 


= Z,Z4 E. 


•••(37) 


Thus we see that the currents can be written as 

T Ai j At 1 T At 

‘ A. a7 


...(38) 


Thus we see that to find expression for /„ we have to write 
determinant Ar formed by replacing the ru column with the mesh 
voltage column and then divide it by the matrix determinant Az. 

13.3. NETWORK THEOREMS 

Network theorems are very powerful tools for solving advan- 
theoreiare f 

1. Superposition Theorems. In any linear nptwnri- • ■ 
linear impedances and potential sources/the current flLng Tmv 

arc as shown In Fig. 13.4. Thl m.shto.Ss m'ag 


and 


•fi — (Zi +Zs+Zoi) I1+ZJ2 
£'3=Z./i+(Zt+Z,+Z„,) I 2 , 


•••(39) 

•'•(40) 
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or 

and 


Fig, 13 A, 

The currents may be obtained by using Maxwell’s method 

l^\ -^3 I 

j _ Z2-\-Z^-\-Zq2 ■ 

‘ ■Z'lH-Zg rZoi Za 

Z3 Za+Zg+Zoa 

A = [(Z,+Z3+Zoa) ^x'Za ...(4l) 

Z3£'i + (Zi+Z3+Zoi) ...(42) 


where A* is the impedance matrix. 


To prove superposition theorem, let us first find A' and // 
by short circuiting ernf E 2 (but not its impedance) and then //' and 
I 2 by short circuiting ernf Ex (but not its impedance). Using 
Fig. 13.4 (h) we get 



(Za+Zg+Zoa) Ex 


and /«' = 


A. 



Using Fig. 13.4 (c), we get 



and //= _ (Zi+^a+Z,i )_ g, 

A. 



Equations (41) to (44) show that 

7^=7/ 4-A" and A-A'+A". ..(45) 

Hence we have proved superposition theorem. This theorem 
can also be used if voltages of different frequencies are introduced. 

2. Reciprocity Theorem, in any linear network of conductors 
the current in one mesh due to an ernf in another mesh is equal to the 
current in the latter when the same emf is placed in the former. In 
other words the interchange of an ideal current source and an ideal 

voltage source in any network will not change the voltmeter and 
ammeter readings. 

This theorem can be proved very easily with ihe help of 
Fig. 13.4. Eqs. (43) show the currents in two meshes when the 
voltage source E^ is in the first mesh. If the source in Fig. 13.4 (c) is 
replaced by the source in Fig, 13.4 (Z>), E^^Ex and Zo 2 ‘^Zoir 
then the current in the first mesh in the modified Fig. 13.4 (c). 

A'^-Zg ExlLz, 
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It I's same as the current in second mesh when the same 
voltage source was in the first mesh. It is same as required by the 
theorem. 

Eqs, (43) and (44) show that 

...(46) 

i.e., the ratio of response transform to excitation transform is invariant 
to an interchange of the position in the network of the excitation and 
the response. It is the another way lo stale the theorem. 

3. Thevenin’s Theorem. Any two terminal linear f ]ftu.nrk 
contai ning g enerato rs {voltage sources) a nd impe dances'ly ^ he replared 
with on equiva l^nTcij xuit consisting of voltage source e\ in series with 
an impedance The value of is tTic open circuit (when there is 
no load) voltage between the terminals of the network and Zo is the 
irn^edgpcc appearing across the terminals when all generators in tW 
network have been replaced bv their internal impedances. 

Consider two terminal network containing two meshes, one 
active and other passive. If load impedance Zl is placed between 
the terminals, then the mesh equations are wTitten as 

+ ,..(47) 

0= Zl)/l. ...(48) 


4 . 


AVWV 




23 


‘VA'-'v' 

Z-> 

y 


A 


'VWVA i — r 

2c ^ I 




I P; - 








Fig. 13.5. 

Solving these Eqs. for the currents, we get 
\ Z^-\- Zi E \ 

, _ I -^3 0 1 

2, + Z3+2, tz; t 

■2^8 •^z+.Zj+Zl I 

^ -E'Zj 

(Zj+Zl) (Z, + Z8-P()+Z3 (Zi+Z,) 

EZ J(Z^+Z^ + Z,) 

Z.+Zl+Zs (Zi+Z,)/(Z,+Z3 + Z,)' 

As the open circuit voltage across AB terminals is 

£',=£Z8/(Zi+Z,+Z<), 


•••(49) 

...(50> 
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and the total impedance between terminals when the eenerator is 
replaced by its internal impedance generator is 


...(51) 


771 ^ — ^ (Ej-j-Zi) . 

l/Zj+l/CZi + Z.) * Zi+Zj-f-Zg’ 

Thus ‘rdO? rl'n ® Thevenin's components. 

Inus the Eq. (49) reduces m terms of these components, as 

/l = EJ (Zq+ Zl). ^ ^ ( 52 ) 

This current is same as obtained from an equivalent circuit 
^nown as Thevenin^s equivalent network, consisting a voltage source 
Eq in senes v^ith an impedance hence is the theorem. It may be 
generalized to any number of generators by using superposition 


(4) Norton s Theorem. This theorem states that two terminal 
active network, consisting of linear impedances and generators may be 
replaced by a current generator in parallel with an impedance. The 
current equal to that obtained through a short circuit across the two 
terminals and the impedance is that viewed across the two terminals 
when all the generators are replaced by their internal impedances. 

This theorem may be easily proved by considering a Thevenin’s 
equivalent network shown in Fig. 13.6 (a). Now this may be replaced 


Zo 



(a) (b) 

Fig. 13.6, 

by a circuit consisting current source h in parallel with an impedance 
appearing between two terminals A and B, The current flowing in 
the network (a) is given by 

/l^Eo/CZo+Zl). ...(53) 

Applying the current division law in network Fig. 13.6 (b), we 

have /i, ' = Z/o/( Z + Zl). ... (54) 

If Z=Zo. The load current /t' can be made equal to /l. Thus 
from above relations we have 

Iq=EqIZqj ...(55) 

which is the short circuit current of the Thevenin’s equivalent net- 
work. Thus we see that interchange of voltage and current sources 
with the help of Thevenin’s and Norton’s theorems gives a method 
of network analysis. The main difference between these is that in the 
former case a voltage source is removed from a circuit by short circuit- 
ing its emf while in the latter case current source is removed by opening 
circuit. 
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.u . Maximum Power-Transfer Theorem. This theorem 
that the power received by one network from another coZeTted nit 
work IS maximum when the impedance of the receiving network 
jugate to the impedance of the connected network looking at tu 


» a ‘iwo"’ ,“S:; “sr "tLf"' 

•network. The former can be replaced 
by Thevenin’s equivalent active net- 
work consisting of open circuit 
potential and the total impedance 
when all the generators are replaced 
-by their internal impedances and the 
latter network is replaced by equiva- 
lent impedance Zb. Let the impe- 
dances Zo and Zr are of complex 
•nature, i.e. 



Fig. 13.7. 


and Zvi.=Rn->rjXvL. 
Thus the current flowing in the network 


...(56) 


/= ^ = 


Eo 


Zo-I-Zb Ro+Ra+J (Zo-f Zb) ’ 


••(57) 


The power delivered to the passive network or to the imped- 

••(58) 


P= 


(/?o-HiSu)'‘-b(Zo+ZB)=‘ 

• impedance of receiving network, i.e. Zn(=RM 4 -iY.,'\ 

varied then the maximum power transfer may be calculated firs? bv 
•considering Zb variable and then Rn only. ‘"“cuiaiea nrst by 

(0 If Zb is varying, then power will be maximum when 

..-Fo^R n (2) (Zo 1-Zb) 


or 


when 


or 


azB [(«o+i?b)H(Zo+Zk)«p 

Ze-I-Zo= 0 or Zb=-Zo. 

Pmax — Eo* /?B/(ffB-f-^o)“. (59) 

(h) If Ra IS varying, then power transfer will be maximum, 

^ E<? [{R^+R of-lRn (;?r-|-B„)1 
0/?B (i?R-t-5o)" 

i?R = i?0. 

Hence the total impedance of the passive network 

ZB=iZB-f-yZB=2?o-yZo, 


(60) 


...( 61 ) 
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which is conjugate to the impedance of the active network looking 
at two terminals, /.c., to the equivalent impedance Zo=^o+yTo. 


Power generated from the generator 


Total resistance 


^ 

Rq -{-jXo -r Rq — y'Zo 




Thus we see that the maximum power is transferred to the passive 
network when the impedance (f this network is conjugate to the impe- 
dance of the active network. The amoum of this power is half to the 
total power generated. In other words we can sar that the power lost 
in the interna! generator is equal to the power delivered to the receiving 
network. 


6- Compensation Theorem. Any impedance having an emf 
across its terminals may be replaced by a generator of zero internal 
impedance and of emf equal to the emf across the impedance at every 
instant. 

This theorem applies to the effect produced on the network 
currents by a change AZ in the impedance of a network branch. 
This effect may be found by replacing AZ with a generator of emf 
— /AZ, where / is the original current which flowed in the branch. 


7. Millman Theorem. It is just an extension of Norton’s 
theorem and is very useful in simplifying electronic circuits. The each 
voltage source can be converted into a current source parallel to an 
admittance. Hence the combination of voltage sources 
with admittances Ti, 72, Tg respectively is equivalent to a 
consisting of a source of emf 

£*1 71 + ^2 72+ -£’3 73 


circuit 


E=- 


7i+ 7 2-h 7 s 


...(63) 


and admittance 7=7i + 7a+73 in series across the terminals. 

This is known as Millman s Theorem. 

13.4. FOUR TERMINAL NETWORKS 

Most filter sections take the form of a four terminal network, 

as they possess two pairs of 
terminals one pair is called 
input and the other output. 
Assuming the circuit elements 
linear. If Zu and Z 22 sre 
the self impedances of the 
meshes and Z ,2 and Z 21 
the mutual impedances, then 


1 


Kour 'b^rminol 

network 


• “T 

\ 

* 

, 

I 


2 


Fig. 13.8. 

LZ21 Zs 2 J L /2 J L E2 


...( 64 > 
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^here Zn=EilI„ when /*=0, the impedance between the terminals 

1- 1 with the terminals 2-2 open circuited, 

Zii=Etlh, when /i=0, the impedance between the terminals 

2- 2 with the terminals 1-1 open circuited, 


Zi,=£i// 2 , when A =0, the transfer impedance with 1-1 open 
circuited, 

•and Zix^EtUi. when the transfer impedance with 2-2 open 

circuited. 

The above relation can be written as 


1 1 

X 

Ex 

Ei 

]=[ ] 

...(65) 

An 

^21 .'^22J L 

E, 

h 

1 I 

11 

1 1 

1 1 

• 

...(66) 


These different forms are called Z, Y and A matrix forms. 
These parameters are called linear parameters. These parameters are 
related to each other as, 


A 11 —Z 1 JZ 2 U -^12 — ZasX Zii/Zai, 2421— I/Z 21 , 

2422“ Zaa/Zai* 

In the case of cascaded networks, we have 



Fig. 13.9. 



...( 67 ) 
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For a network shown in Fig 


f 




and 


1 


(a) 


1 

« 

i 

♦- 

f 


(b) 


Fig* 13.10, 


ana Magnetism 

13,10 (o)j we have 

^^~F2~\-Zl2y /l = /f 

^11 ^12 LI I z 

■ ^21 -<422 I I 0 I 

Similarly for the net- 
work Fig. 13.10 (h) 

F\~E2, Il = YE2~\'l2 

^1% |_ I 1 0 

A21 ^ 22 1 I y I 


and 


Exercises 

reactance 2S ^ tin inductive 

■^^^0 m/1 The whJlicl • ^ capacitance of 

dtdufmcreacllncc ,2 ?6a'‘k7l 

tape to ,;/'Jfc tvUcctrcui, 

it as 50°“. “ih^rTacto^of the“ca^^^^^ *'''“' ‘“™' 

X2—\lj(oC= — y/314x 10-«=-y 31.85. 

Ri=10n X'i=6-28n 



Z, = 20-7 31.85. 

* 

Since these branches are in parallel, the total impedance of the 
combination in parallel is given as 

' ’ ’ 1 1.1 


or 


Zo 

Z„ 


i+-i 

2^1 Z2 


or 


— + 


-1, .^2 Z. 10+7 6.28 ' 20-7 31.55 

( 1 0 +7_6j8)(20 -7 31.85) _ (400 -7 1 92 .9)(30 +7 25 . 57> 

30-7 25.57 30*+25.57* 

= 10.90+72.86. 

It is in series with an impedance 

^a=I5+7 12.56. 

2’ total = -^.+-^ 8 = 25.90 +7 15.42 

= ^ total +2 Zj 
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E 



(c) 



IJ 13. 

added with the series resistances originally 

worv ^ resistances 5, 5, 5 make star net- 

Fig (f?) network is now converted into a delta as shown in 

^ __ 5x54-5x5+5x5 v 

^ef = 


5x5+5x5+5x 5 

< 15 , 






/?8<,= 15 and i?/,= I5. 

Since these are in parallel with originally present side of 
6n each^^ effective value of the sides of £'F<3' are 


< 


Li? 10 "^iT 6 

r parallel resistances FG and (FE+EG), i.e., 6 
t The combination 12 x 6/(12 + 6)=4 £2 acts across the 

battery of voltage 20 volts. Hence the current drawn 

/=P/i?=20/4=5 amp. 
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(^t^rrents li,\and mesh 

'he eeldfe aZodZeiiadSdr!"'' ""' 


50 V 


4 


6/1 

A/WA^“ 


V 


1 


-T 


0 


i8n 

AAAA^ 


V? 



5a 



>4a 



^4n 

*> 


1 


Fig. 13.14. 

The three equations for the three meshes may be written as 

50-(6 + 5) 7,-5 7, 

0 = - 5 7i + (5 f 1 8 + 4) 47, r.-n 

0=--4 7,4(4 + 4)73. 

These equations may be written in the form of determinants as 


50 
0 
0 


11 -5 0 

-5 27 -4 




0-4 8 I 7, . 

The determinant of resistance may be written as 

'27 -4 I . . 1-5 _4 


Ar = [7?]=11 


+ 5 


0 8 


-4 8 

= 1 1 (27 X 8 - 4 X 4) + 5( - 40) = 2000. 

50 -5 0 I 

Ai= 0 27 -4 =50 ! 

1-4 8 


A2 — 


Aa — 


0 27 -4 
0-4 8 

1 1 50 0 

— 5 0 —4 

0 0 

11 -5 
“5 27 


--= 10 ^ 00 . 


0 -4 


8 

50 

0 

0 


= -50 


-5 -4 
0 8 


= 2000 . 


= 50 


1-5 27 

0 -4 


= 1000. 


Thus the currents are given by 

j _ Ai _ 10000 

Ab~ 2000' = ^'‘"'P 

A 2 ^ 2000 
A B 2000 

73 = A,^1M_o5 


/.= 


= 1 amp. 


Ab 2000 


amp, 


and 
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The voltage 5 =20 volts 

^ 2 =(^s“/ 3 ) 4=2 volts 
and voltage across 6Q=6/i=30 volts. 

Example 5. Calculate the current in resistance] Hn the 
Fig. 13.15. 



Fig. 13.15. 

Let /i and be the currents in the meshes. ABEDA and' 
BQFEB respectively. 

There are two methods of finding current in 6C1 resistance. 

(1) Kirchhoff^s Laws. Applying Kirchh off’s first law at point 
we get current along Now applying Kirchhoff’s 

second law to the mesh ABEDA 

/iX4+(/i+/2)x6 = 10, 

or 10/i + 6/a=10 ...(/) 

and to the mesh BCFEB 

/g X 8 + (/i + /a) X 6 = — 6. 

or 6 /i+1472=-6. ...(//> 

Solving equations {i) and («) we get 

7i=22/13and 7^= - 15/13 amp. 

Current in the arm=7i+73=7/13 amp. 

(n) Superposition Theorem. If the second source is replaced 
by its internal resistance (i.e., zero) and 7 is the current in AB' 
branch, then the external resistance of the whole circuit will be 

i?=4+6x8/(6+8) = 52/7. 



Current 7= 


R 



Its component along 6€i resistance 


8 ,8 35 _ 10 

* 8+6 ^ 14 '26 13 
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, source is replaced by its internal resistance zero, and 

the current in the BC arm is /, then the external resistance of the 
current 

i?=8+4x6/(4 + 6) = 52/5 amp. 

Current 7= ^ = amn 

R 5215 26 P- 


Its component along the 6Q resistance 


4 - 4 .. . -15\ 3 


I ' = — T—— X 
' 10 ^“10 ' 


^ri5\ _ 

' 26 j 


13 


amp 


tance as^ superposition theorem gives the total current in 612 resis- 

10_ 3 _ 7 

A +7. -13 y3--amp. 

shown n 

snown m tig, 13.16, by using superposition theorem. 

^ We know that the impedance of capacitor= — //wC and nf 
inductance— yojL. In our present problem 

^11= 1 +j2^\ “;4 + 3+y6=: 5+7*4, 



Fig. 13.16. 


or 


^i = -^u/i'+Z„/2' 

A = 



— 72 

fa 


^ 100 (cos 30°+/ sin 30'’)(7+75) 
(5 +y4)(7 +75) - (3 +M~~ 
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Similarly the current in the left hand mesh, when the source 
from this mesh is replaced by its impedance, is given by 

/ „ — 50(cos 60'' sin 60°)(34-76) 

2^11 2^22 -^la^ 42+7*17 

25(1+7V3)(3+/6) „ _ 25[3-6v/3 +7(3 a/3+6) ] 

42+7*17 42+7*17 

By the superpositicn theorem^ the current 

r_r/ I 500 \/ 3 - 325 +/(200+ 175 v/ 3 ) 

h-h +/2 

= 15.3+7*5.8. 

Example 7. Make use of the network shown in Fig. 13.17, 
calculate the current in branch EF and prove reciprocity theorem by 
actually calculating the current in AB when the same potential is re-^ 
moved from branch AB and inserted in branch EF. 

Mesh equations for currents are given as 

^=Zii/i + 212/2 
0 =Zi2/l + 2j2/2» 

where Zii=2-72 + 2— 7*8=4-7*10. 

222=2+74 + 1-74+2-7*8^5-78 

and Zi 2 ~ 2 — 78. 



Fig. 13.17. 

The current in second mesh is given by 

j -eZi2 -100(2-7*8) 

ZnZ^^-Zi^ ■ (4-yiuK5-y8)-(2-78P 
= - 1 00(2-y8)/( - 50/) = - 1 6— /4. 

Similarly the current in first mesh, when its source is introdu* 
ced in the second mesh, is given by 



Hence the reciprocity theorem is proved. 
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Example 8. Calculate open circuit voltage and impedance bet- 
ween two terminals E and F in the network shown in Fig, 13,18, 
Calculate also the load current flowing through a load impedance 
10- j7. 5, 

For calculating the impedance between terminals E and F 
let us remove potential source e and short circuit this branch. 


Zo= 


Thus we have 

(J5-j20}(j5) 
ij5~j20)+{J5) 

Total impedance across 
the source e is 

ZCi 'Zcot: 


I 


e-'ioczo' 


0 


r: 

• — ^ 
i T. 




5il 










Z- 




Zcd hZCou 

(~./20)(./5-h./5-./2()) 

-=-;6.66. 


Current in BC branch, / — 




D 


H 


Fig. 13.18. 


100 / 0 ' 


100 / 0 ’ 


Z -;6.66 6.66/ - 90^ 

= 15/902=yl5. 

Current in CC// branch, A=^y 3 Q X7l5=yi0= l0/_90°. 

Hence pd across £* and F terminals=ZFOH X 4= --y 1 5 yylO 

= 150/0°. 


Load current /l“— : 


1 50/0' 


,-^.15/0°. 


y7.5+10-y7.5 

Example 9. Determine the current in the load resistance Rl of 
the ladder-network [Fig, 13.19 (c)]. 




622 


Electricity and Magnetism 


TK problem may be solved by a repeated application of 

As a first step, let us treat the network to the 
nght of as the load resistance. The comparison of the left side 
of the network with the Fig. 13.15 gives us 

Open circuit voltage across AB=ERj(Ri+R^=E' (say) 

and the total resistance between terminals A and B when the gene- 

™ internal resistance (which is zero in this case) 

=Ra+R3RJiRi+Rt)=R' (say). 



The use of Thevenin’s theorem thus reduces the original circuit 
'to that of Fig. 13.19(h). To solve the problem, let us again apply 
Thevenin’s theorem to this circuit. For this the open circuit voltage 
across PQ is given by 




E R^RJ(Rx-^R^) 


R'+R^ iRi+RJ+R,RJ(Rx-bR,) 


E Rz^4 


( -^1 + dR8)(f?2 ~f~ -^1-^3 

and the total resistance between the terminals P and Q when the 
generator is replaced by its internal resistance 


j? __j. , R4lR^R2+RxRs+R2R.] 

Here and Rq are called Thevenin’s components. Thus the 
•‘Current in the load resistance 

/.= — 
i?0 + ^I. 


ER,Rt 
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Example 10. Find the current in the galvanometer arm of a 
Wheatstones bridge using the Thevenin's theorem. 


lo A 



D 


(b) (c) 

Fig. 13.20. 

Since the Thevenin’s theorem can determine the current flowine 
through the load resistance connected between the two outnut 

terminals of a network. Therefore we assume the galvanometer as 
a load of resistance Rij=Rq, * 


Let us first 
bridge. The open 
removed 


apply Thevenin’s theorem to the point B on the 
circuit voltage at point B, i.e,, when Rq is 


(Eoo\^er,/(r,+r;) 


and the resistance across B and C, when the 
is 


source is short circuited. 


^Eo)b 0 — -^1 EJ (Ri + i? j) . 


Similarly the application of Thevenin’s theorem to the point D 

gives 

iEoc)j^=ERJ(R,+R^) 

and 


Wf .u reduced to a circuit shown in Fie 1 3 2n (M 

If the current passes m the galvanometer arm from point 5 to^S; 
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Fig- 13.20 


and 


£'o=(£'oo)g-(£’oo) 

^o = f/?«L. + (^oL„ 


.'. Current f.^EJRo. 

If (,£oc ^> (Eoc)j^, the current /„ will flow in opposite diiection. 

If(£'oc)^^(£oo)B the current will be zero and the bridge will be 
balanced, 

_ Example 11. Convert linear network Fig. 13.5 {left) with Zi=2, 
^2 — 4. Z2=^3. Zl~5 and e--10 volts into Theve dn s equivalent network 
dien into Norton''s equivalent clrcwt. Show that the power 
denvered to the load in both the cases is same. 

For converting this network in Thevenia’s equivalent, let us 

calculate Thevenin'b components e^ and Zp as 

cZg 10x3 ^ , 

= 6 volts. 




and 


■^O - -^2 + 


Z,-i-Z3 ■ 2H-3 


, , 2x3 ^ , 

4+ ' „> . ^ =5.2 ohms. 


Zi+Zg ' 2-r3 
Power delivered to the load 

Zl==7l"Zt. — ^ ^ 5= 1.73 watts. 

The Thevenin’s equivalent network is shown in right part of 
the Fig. 13.5. Now applying Norton’s theorem, we have 

h--=eJZ^=6^5.2 = \A5. 

The current through the load can be obtained by applying 
division law in network as 

ToZo 6 


/l = 


= 0.588. 


Zq^-Zl 5.2-h5 

Power delivered to the load = (6/10.2)2x5 = 1.73 watts. 
which is same as that in the Thevenin's equivalent network. 

Example 12. Calculate the load current in the following net^ 
work, using Norton's theorem. 

First of all let us calculate Thevenin’s components, 


6df6T 

Z, = lOA 

— tttot — 

Z2= IGA 

■« 

i ■ 

^100^30° 

L. < 

rZi = 20A < 

< 

I 


Zj_= 30 ^0 


Fig, 13.21. 
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and 


or 


0 


Zi + Z, 


m/3oy-j'o) 


J10-J20 


200/30”, 


y — 7 4- ^*■^3 I yI0x(— /20) 

Using Norton's theorem we have load current 

^ f A ^ A ^ . 


/l = 




200/30 

730 + 30 


200/30 


30 V 2/45 

{As 30+730 = [30'+30^]'/* tan“* (30/:'0) = 30v/2/45''} 

/l-4.71/- 15". 


Example 13. A d.c. generator (emf =40 volts) delvers a 
maximum power of 10 W to an external load resistance. Calculate 
the internal resistance of the source and it short-circuit current How 
much power will it dissipate when its terminals are shorted ? 

From maximum power theorem, we know that the maximum t 
power will be delivered to the load if the impedance of the network * 
IS conjugate to the impedance of the receiving network In the 
present problem we have given only pure resistances, hence 

Source resistance ^,y=ExternaI load resistance Rl and the 
maximum power delivered to the load 




£2 


Rl 




or £,4- 


£- 


4 Pi 

r ..1 . . ^ ax 

In the present problem, /•.-=40 volts and watts 

*. £,=:=40V4 A 10 *40 Q. 

The short circuit current of the so urco =/://?, = 40/40 = 1 amp 

When the source terminals are shorted, /.e., /^t = 0 the oowpr 
dissipated will be > f i 

F==E-IR,- 40^40=40 watts. 

Example 14. Equivalent circuit of the operation of the valve 4/S 

Y 'v K 

r^fc- 70.9 The admittances ure in micro mhos andu^7{) 

Calculate the output potential. 



K 

Fig. 13.22. 
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Applying the Millman theorem to node P and taking AT as the 
reference node, we have 


or 


£‘l= - 




OP 


E„ 


Y^ + Yi.+ Ygp-\-Yj,n, 

-2800+70.7 


[-20Xl40+/0.7]g„ 
140 + 8+70.77-70.9 


148- 71.6 

Now applying the theorem [o node G, we get 

e, K„+£’l Yg„ _ e«20+ ft, 7O.7 

Yg+ Ygg-{- Ygh 

Solving Eqs. (/) and (n'j, we get 




Eg = 


2O+7O.7+7O.8 


...(«) 


£1,= 


— 2800+ 7' 0.7 etlQ+jEiY).! 
148+/ He ^ 20 + 7 1.5 


= (-12.14+79.09)e,=(15.49/I43°8') e,. 


Oral Questions 

niean by active and passive elements ? 

2 Wnat will be the current if the output terminals to the voltage 
source are short-circuited ? 

3. What are the differences between the network, loop and mesh ? 

r>c.\\ mean oy r and Il-networks. How are they also 

called star and delta networks ? ^ 

5, What arc the uses of star and delta connections ? 

What is the nodal method for solving complicated networks ? 

What do you mean by self and mutual resistances in network 

problems; 


8. Whether the reciprocity theorem is correct for ac generators in 

circuits ? ® 

9. What are the main differences between Thevenin and Norton’s 
equivalent circuits. 

i 1. If the power lost in the internal generator is maximum what will 
be the power deliver to the receiving generator ? 

Problems 


wru the currents in the battery and galvanometer arms, of 

a Wheatstone’s bridge network having values = /?2 = 20 £2 ./?j, = 30Q 

40 Q. and 7?i;,=*50 Q with the delta-star transformation method. The 

d.c. source is a battery of emf 2 volts and internal resistance I Q. 

{91.2 mAf 2.5 mA) 


2. Calculate the resistance between the points and .5 of a 
tiiangular pyramid ABCO, built up of six wires, whose resistances arc as 
follows: AB=aC^DC—OB^\ Q. CB= ^D=2 Q,. (7/72 


3. Two batteries (£’i=2.05 V, ri=0.05; £’,=2.15 V, n^O.OAQ, are con- 
nected in parallel and the combined network is again in parallel with a 
of 1 Q. Calculate the current in first battery branch by the principle of 
resistance s- perposition. (0.18 amp) 

4 Determine the currents in the various meshes of a ladder network 
(Fig 13.14). by the method of determinants. Given that £=30 V, £i-=£a 
=£3=4 n and £4=£5=5 Q and £x.= 10 Q. (4.52, 1.54, 0.38 amp) 
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5, Calculate the currents in the branches BC («J0O) and 

^£'(=6 0) by using the superposition theorem, in a network in which the 

positive terminal of a battery of 20 volts and internal resistance of 2 ^ is con 
nected through the resistances AB and fiC with the positive terminal of the 

another battery (E=^l V and r = 2 Q). The negative terminals of these 

batteries are joined with the end E of the resistance BE. 

(/.50, 0.33, 1.83 amp) 


n- Calculate the current in branch BC for the network shown in 

F-g 13.16. ife, = 100 Z,-l ^3, /3(r, Z,= )fy5. in BC arm 

/^=1 n, C-4 a, in CO arm /?=20 H , C-8 Q and inCFarm /?=2 Q and 

US.77-J8.92) 


1. How the Thevenin'.^ theorem can be used to study the charging 
ot a capacitor when a voliage divider arr.ingement is used and the capacitor 
iiselt IS used as a load. Dcicmiine the time constant and the voltage 

actoss the capacitor fC= lOOO jif) at ihe end of the period. Also calculate 
the currents in /^2 and y?, at this stage. Given that f— ?5 volts, = 
and y?a— 40 kO. The capc.citor is charged across the resistance R.^. 

(8 sec . 12 6 V, 1.74m4, 0.315 mA) 

8. Calculate the open cir.Liit voltage and Thevenin resistance of a 

resistors 20 and 30 and a source 
oi 100 volts are connected in .series and the terminals arc the ends of 
resistance 30 n. J 2 Q) 


9. For the network shown in Fig 13 21, calculate the current through 

load impedance Z^ using Norton’s theorem if ei = !00,_0^ instead of 

100 /^- “ { 4 . 71 1 — 45 ) 

10. A n-nctwork is composed of resistances, each of 100 Q 

a 10 volt source at one pair of termi.nals and a varaible resistance 7?^ at the 
other pair, Find the value of 7?^ coresponding to the maximum transfer 

of power and the magnitude of the power. ^50 125 m^) 
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Units and Their Absolute 

Measurements 


14.1. SYSTEM OF UNITS 

Some thousands of years ago when man wandered from place 
to place in groups, living on wild grains he gathered and the animals 
he hunted, there was no need for any system of measurement for 
trading with nis follows. The beginning of civilisation came and the 
systems of measurement developed. With the advance of science 
during the 17th and 1 8th century scientists began more and more 
to rail against the confusion presented by multiplicities of systems 
of measurement. The units generally discussed at school level are 
C,G,S., F.P,S. and M,K.S, 

Unlike the other branches of Physics, the study of units in 
electromagnetism is confusing on account of various systems of 
electrical units used at various times. As the quantities used in 
electricity and magnetism can not be defined in terms of the funda- 
mental units of mass, length and time and the fourth fundamental 
unit is required. In the early works, this fourth unit was intro- 
duced in two different ways. Consequently two different systems of 
electrical units : (i) electrostatic system of units (e.s.u.) and 
(/7) electromagnetic system of units {c.n'i.u.) were developed. The 

former was based upon theoretical considerations while the later on 

the experimental facts. The permittivity of the medium was 
assumed as the fourth fundamental unit in the former system of 
units and the permeability in the later. Let us derive other 
electrical quantities in terms of fundamental units in these t\\o 
cases. 

14.2. ELECTROSTATIC SYSTEM OF UNITS 

The force between two charges and placed at a distance 
r apart is given by the relation 

F=qiqJ4Tzer^, .. (0 

where t is the permittivity or dielectric constant of the medium in 
which charges are situated. In the electrostatic system of units £ is 
taken as the fourth dimension, s is usually w'rilten as sq for empty 
space. The dimensions of charge can be obtained as 
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-or 


(0 [q] [q]=^lF] [.o] [L^]^[MLT-^] UoL^] 


The dimensions of the other electrical units can be found by 
using appropriate relations as : 

(it) Work done IF=charge ^ X potential difference K. 

l ^ 7 ] [€o^r-A'P‘~LV-T-^] '• ® M 1. t I 

The same will be the dimensions for electromotive force, 

(m) Eleciric intensity ^-^Force experienced by a unit charge 

^F!q. 

■ Iq] [cV^^v/v^L^z-^r-n ^^0 M L i J. 

(iv) Electric induction or displacement D = eoF. 

(v) Electric flux (h - Electric field X Area 

[(D]-[s„“W 2 .V/'/ 2 ^-I/ 27 ’- 1 ] [L2] = [£^-l/2^VP/2^3/27^-lJ^ 

(vi) Electric current /^Rate of flow of charge=^// 

{vii) Resistance E = Emf/current'-^ V/i. 


[R] = 


in „ [eo-^Z2A.p^W^_ _ 

[/] [c,'/^V/1^2^.V27’-2] ~L"0 ^ I\ 


{via) Capacitance C=:charge ^/’potential difference V 


[C] 




(ix) Inductance L — Emf T/Raie of change of current (dildt) : 

^ J [i][T~^] [s„>'' 2 ,V/'i.' 2 £r,/ 27 ’- 2 ][j-l]-L -0 ^ J J. 

(x) Magnetic field intensity r[=i dl sin Bjr“. 

[H]=r[i] 

(xi) Magnetic Induction E=Induced emf//v 

(xii) Magnetic moment A/^couple/E sin 9 

[M]^[ML^ E“^]/[€o“ 1 — [e^i /2^i j^2j 

maSe? m=Magnetic moment/length of tbe 
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force between two magnetic poles Wj and W 3 , situated at a 
distance x apart is given by the relation 


F=ij.mim2l4nr 


• • • 


where p. is the magnetic permeability of the medium. For the free 
space As neither nor /« can be expressed in [M], [L] and 

UJ. hence to represent one can assume ^ as a fourth dimension. 

Thus for free space. 


[m] [m]![L‘^] 

The dimensions of other electric quantities can be obtained 
from fundaniental formula as follows : 


(//) Magnetic induction B = Force experienced by a unit poleT//n. 



rRi_[Q._ [MLT-^] 
[m] 




(Hi) Magnetic field intensity H^BIPg 

[ f/] = [ B]l[p»] = [fip- J '^iW I^L-^ '-r-']. 

(rv) Magnetic flux <I)==Magnetic induction 5xArea A 

(v) Magnetic moment /!/— Pole strength ;nx length of the 
magnet 21. 


(vi) Intensity of magnetisation /^Magnetic moment/volume. 

(vii) Electric current is related with magnetic field as 

H=i dl sin 0/r^. 

[^] =[//] [r-]l[dl] = {p„-^'nV/^L-^'^T-^] [LmL] 

=[rr„ 

(viii) Electric charge ( 7 =current i Xtime t. 

(ix) Electric held intensity £'=Force experienced by a unit 
charge = T/^. 


rPi= - [MLT-n 
[q] 




(x) Potential dilference F=Work: done by a unit charge=lT/^' 

[AfT^T* °] — |- l/2j^J/2£3/2j—2l 
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(xi) Resistance i? = Potential difference K/Current i. 

(xii) Capacitance C -q-V. 

ixiii) Inductance L - Ernf iVRate of change of current dildt. 

f,. __[Kj M 

['■]/[/] A/-' L'/2r-^] 

14.4 COMPARlSrON BETWEEN THE ELEC fROSTA TIC AND 
ELECTROMAGVEFiC SYSTEMS OF UNITS 

On comparing tlie d^lncn^ion^, of any electric quantity in both 
the systems of unns. it seen ih I they dilTer. It is impossible to 
have dilferent dim.-nsions t'or the same electric quantity. Thus one 
is bound to consider dimensions of and ^n. 

If we compare di nensions of charge q obtained in both the 
systems of units, then 


In C.5 z/, e.m.u. U '^], 

[LT M. 


•••( 3 ) 


which are the dimefistons of vcio;ity. The magnitude of this velocity 
can be found by measuring a given charge first in e.s.u. and then in 
e rn.u. The ratio of these values is found nearly equal to the velocity 
of light. Thus we see that 

velocity of light c. 

Similarly we can obtain other ratios as : 


(/) 


em^ 


(//) 


0/7) 


C 

c 

^ f mn 

V 

^ emn 


-u -1 [L--^T-] = c\ 




— /io «o 


esn 


Uv) 


u 




R 


e^u 


(v) 


(v/) 


smu 


esu 


H 


€mu 


H 


9tU 


[eo“‘X~> 7] ] -c 

fP L\ 

{LT-^f = c-\ 

/27'"2] ^ 


a 


=c. 
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(yfi) 

^emu 


^^63 U 


(via) 

p 


p 



- 1/2 


So"*'" [Z7’-i]-i=c, 


\LT-i]=c-\ 

J 

«Iectri'caTquantitTel the values in emu and esu of other 

14 5. PRACTICAL AND INTERNATIONAL UNITS 

maeneTkVnk‘r/nn^ electro- 

puroose The '“conveniently small for practical 

current and volffnr charge, ampere for 
for resistance watt f^rom these are derived the ohm 

inLctance ^encry for 

define? .S-mn/Zar* (London, 1908) 


0 current which will deposit 

^.001118 gm. of Sliver m one sec. in the electrolysis of AgNOg. 

length' is the resistance of a column of mercury 

J ^ of a uniform cross sectional area and 

14.402 gm. in mass. 


o international volt is defined as the potential difference 
aio^i 1 ^oternational ohm carrying I international ampere. It was 
1 terms o[ emf of the Weston cell, assuming it to be 

1.0183 volts. 

m^»tK nieasurements have now been made by different 

f^''^^tical units are therefore based on the absolute system 
nits directly. The absolute units are related by powers of 10 to 

froni the international 

Th ’ , instruments are calibrated in absolute practical units. 

ine relationship between the international units as practical units 


1 international ampere=0.999835 amp. 

1 international ohm =1.000425 ohms. 

1 international volt =1.00033 volts. 

14.6. MEASUREMENT OF ABSOLUTE QUANTITIES 

j' Determination of resistance in absolute measure by Loren 2 
Method. Lorenz method is based on the principle of measuring the 
inductance and time as inductance has dimensions of length in emu, 
and the resistance has dimension noLT-^ in emu. 
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In this method, a solenoid of n turns per unit length is placed 
in east-west direction. A circular disc D is mounted concentrically 
such that its plane is perpendicular to the magnetic lines of forces. 
The disc is driven with uniform speed by means of an electric motor 
Thus an emf is set up between the central axis (axle) and the circum- 
ference of the disc. To measure this emf two small metal brushes 



Fig. 1 4. 1. 

and B 2 are connected with the two terminals of the experimental 

res^tance R. A battery and a galvanometer are connected as shown 
m Fig 14.1 . 

Let the disc of radius /■ be rotated through an rngle 6 then the 

area swept out is Ur\ If B is the flux density, then the flux cutting 
the disc perpenaicularly is B. 

If the disc is having revolutions per sec, taken to 

turn through angle 6 is 6j27Tni sec. 

/. emj between the centre and circumference 

_ ck\> __ W-B 

~ d, —ei2.m (4) 

This is in emu, if 3 is in gauss and r in centimeters. 

If i em.f current is passing through the solenoid, the maenetic 


••■(5) 


flux 

B - fx^ATTui. 

The solenoid should be at right angles to the magnetic meridian 
to eliminate the effect of the earth’s magnetic field. Hence 

Induced emf = AgL.,rz^-r-nmi emu. 

This fw/ is balanced against the p.d. across a resistor A which 

is in series with the solenoid. Hence for no deflection in galvario- 


Induced emf 4ju„7i:VW(--=p,d. across the resistance iR 

F—4fion^r^nm. 


...( 6 ) 


‘movLi Sh a'v"“‘high“’'p™d““i^rr 

co„.ec1io„s .o ,he"c.'‘r 
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Instead of a long solenoid a coil system is more useful. If M 

be the mutual inductance between the disc and the coil system 
then ^ ’ 

emf=ReLiQ of change of Mi ^ Mim 

= p.d. across the resistance at the time of balance 

where M the mutual inductance is dependent on the geometrical 
dimensions. As the resistance in the coil circuit is small, hence Lord 
Rayleigh and Mrs Sidgwick used an aiTange.ment of three resistors. 
/?2 wa^ the smallest, whilst /?3 was large compared with Ri. The 
equivalent resistance w'as tints RiRj(Ri^- R^). 

This method was much improved by F.E. Smith. After a 
series of experiments the result was stated in the form that the ohm 

was represented by a column of mercury at OX of 14.4446i: 0.0006 

gm in mass of J sq mm cross section area and of length K16.245 
it 0.004 cm. 

2. Determination of current in Absolute Units by Rayleigh’s 
Current balance method. Il two current carrying coils are placed in 
such a way that they are parallel and their axes are coincident, a 
torce will exist between the coils. This force is proportional to the 

product of the two currents ia the coils and can be cneasured with a 
balance. 

Lord Rayleigh was the first who could measure the current 
with a highest accuracy. The Rayleigh’s balance consists of four 
stationary coils and two smaller coils which form part of the beam 
ofabilance. The currents through the larger coils are arranged 
such that ilie magnetic lines of induction enter the smaller coils at 
the top and leave at the bottom. Thus the lines of induction are 
every where at right angles to the current and the force will act on 
the smaller cods {E and F) in vertical direction. 



c D 

Fig. 14.2. 

The balance beam is suspended at its raid point by two ribbons 
of very fine flexible copper wires, one on each side of the beam. 

The inachanical force on the small coils is measured by sliding 
a rider of known weight on the beam. The weight can be calibrated 
as the square of the current. 
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The theory of the force exerted is best presented after that of 
Ayrton Mather and Smith. If a current / is passing through the 
coils, then 


The force in dynes on the small coil -/ x number of 

cm of S'nall coi! n X n aniber of lines of induction entering 
i.e.. 


trims per 
the cc\\, 


F ni[r.y.^~{.iB'dx)x length of the small coil] 

XuiBiJx) < toiai number of the turn^ on smal coil 

where is the radius ot the smaller coil and dBjdx is the average 
rate of change oi the field due to one of the big stationary coils 
along the line joining the centres. 

We know that tlc^ magnetic induction B on the axis of a coil 
ot n[ turns, rad;u> :tt a di^iance .v rrom its centre is 

ciB dx ■- — 3A');\ri-+A''0''w 

We f:no\v’ that dB dx is maximum when x ^^ri. Hence at this 
position 

dB;‘dx -9 f-~}iii;25\ 5ri-. 

Hence the 'oui force on the sinall coil is 

F ^ ~rxnjX 9S-Md!25\/5ri- = 96X y'''-rdn^n.J\r..^!r^^) ...(e) 

'I'hc value of tlii ■ force will remain alrr.ost independent of the 
small vaoadons m ihe. verticil pONiUon of the small coil. This force 
also depends uu diix.t counts (T the number of turns and on the ratio 
of the radim'if the twc> coils. In this way current can be measured 
in teriv.s of force, /.c.. the weight placed on the beam and tl\c dis- 
placement from the point of suspension. With the improved Rayleieh 
balance it is possible to compare tlte currents to an accuracy of two 
in a million. 


14.7. RATfONALISEO MKS SYSTEM OF UNITS 


In 1901 Giorgi, pursuing an idea originally due to Maxwell, 
considered that a great simpliheation of the units in electricity could 

be brought about bv adopting meter and kilogram as the units of 

length and mass. He pointed out that if a unit of electrical measure- 
ment was added as a fourth basic unit, a system could be constructed 
which would be satisfactory for uniform application in most sciences 
and technologies. The International Electrotechnical Commission in 
19:50 recommended ampere as the fourth unit. The important 
features of this system are as follows : ^ 


The dyne ,s so small that 981 dynes act on our hand when 

we hold one gramme. A unit of force which makes one kilogram to 

accelerate by one meter/sec is therefore much more reasonable in 

size. This new unit is called ‘nemon\ Similarly unit of work done 
joule, IS somewhat practicable. » uone, 
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2. The outstanding advantage of this system lies in the sphere 

electrical units, as it ends the use of emu and esu. All experiments 

whether purely electric, purely magnetic, or a combination use the 
same units. 


•A i ^i^3.ntities used in the mks system are 

identical with the practical quantities of electricity and magnetism, 

csuch as amperes, volts, ohms and farads which are generally used as 
practical units since a long time. 

4. The introduction of a factor Atz into the fundamental equa- 
tions converts the system into rationalized mks system. It makes 
Simpler form to the frequently used derived equations. 

Tiie equations expressing Coulomb’s law in electricity and 
magnetism are 

The ampere s law of force between two current elements is 

d!id/.j4v:r^. ...( 9 ) 

These equations show that the introduction of a factor 4n con- 
stitutes the process of rationaIization\ It is obvious that we can not 
just put the factor Aiz into the constants Eq, as we also have rela- 
tions without any factor 4 tc, such as 


D = and ...(10) 

International system of Units (SI). In 1960. International 
general conference of weights and measures recommended that if 
the M KS A system were enlarged by the addition of basic units 
candela for light measurement and kelvin for temperature, then this 
would be acceptable for all branches of science. This new system 
was named as International system of units, adbreviated as SI. 
Instead of six basic units (mstei‘. kilogramme, second, ampere, 
candela, kelvin), two supplementar}' units are also used 

radian {rad) for plane angle, stf radian {sr) for solid angle. 

SI is rational and coherent. It is rational in that it admits only 
one measurernent unit for any one physical quantity. It is coherent in 
that every unit used in science can be derived from six basic units 
and two supplementary units. 

Dimensions of Electrical Units in the MKSA system 

Charge : — ^=current x time =ampere sec — coulomb 

M=[/]x[r]-[/n 

Potential Difference : — 

/x=work done per unit charge=jouIe/couI:^ volt. 



{q] [IT] 
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Electric field strength — volt/meter. 


[E]^[V]l[L\=-[r^ M LT-^] 


Electric 


diplacement 


D. dS — q or Z>=coulomb/meter^ 




Permittivity : 


D _ coulomb/meter- 
E volt/metcr 


coulomb 
volt. meter 



[/)]__ — [IL ^T] r ^ 

[E] [l-^MLT-^] L/ -w i j 


Resistance '. — R = Poteniial/current = voli/ampere= ohm. 

Capacitance :—C—Charge/Potentiai = couIomb/volt= farad. 


Inductance : -Z.= — Induced emf/(J//i/r)=voIt sec/amp -henry. 


Magnetic field stren 



H.dl = / or //= ampere 


turn/meter. 




Magnetic flux :~lnduced emfg=— Rate of change of flux 
(.dt^jdi). 


t 


(D^volt. sec per turn=weber. 

Magnetic Induction B=magnetic flux/area=weber/meter-. 

[5] 


Permeability ij.q 


_ B __ volt sec/meter ' 
H ampere/meier 


r,, [5] __ 

[//] 17l-] 


volt, sec _ henry 
amp. meter meter 

MLr-2]. 
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TABLE 14.1 

Elecfromagnetic Quantities and their units 


Physical concept 

5'./. units 

Gassian units S.Lj Gaussian 

Charge q 

Coulomb 

Statcoulomb 

3x10’ 

Current i 

Ampere 

Statampere 

3X10’ 

Electric field 

Newton/coulomb 

Dyne/statcoulomb 

1 /3 X 10* 

intensity E 

= volt/meter 

= Stat volt/cm. 

Potential K, 
emf S 

Volt=joule/coul 

Statvolt 
= erg/stat coul. 

1/300 

Capacitance C 

Farad=couI/volt 

Statfarad, cm 

9xl0’i 

Electric dipole 

Meter-coulomb 

Cm-stat coul 

3x 10'* 

moment p 

Electric 

Coul./m^ 

Stat coul./cm.“ 

3x10’ 

polarization P 

Permittivity s, 

CouP/newton 

=farad/meter 

Not used 


Displacement D 

Coul./m*. 

Dyne/siat coul. 

12jiX 10’ 

Resistance R 

Ohm = volt/amp 

Stat ohm = stat 
volt/stat amp. 

1/9X 10" 

Resistivity p 

Meter-ohm 

Stat ohm-cm 

1/9 X 10’ 

Magnetic 

induction B 

Weber/ tn^ = Tesla 
— newton/amp. m 

Gauss =/X(j(oersted) 

10* 

Permeability fx, juy 

Weber/m. amp 
= henry/m. 

— newton/amp“. 

Gauss/oersted 

10V4k 

Inductance L 

Henry 
= web./amp. 

Erg^stat amp* 

9x 10" 

Magnetic dipole 

Amp-meter“= 

Gauss cm^— erg/ 

10^ 

moment p„ 

Webermeter 

Oersted --- erg/ gauss 


Magnetic 

Amp/meter 

Oersted 

4irXl0'® 

intensity H 

Pole strength gm 

Amp. meter 

Gauss cm“ 

( 1 0’/47c) 

Conductance Y 

Mho=amp/volt. 

Stat mho 

9x 10" 

Magnetic fiux O 

Weber 

Maxwell, gauss-cm^ 

■ 10® 

Magnetic vector 

Weber/m 

Gauss cm 

10’ 

potential A 

Conductivity 

Mho/meter 

Stat mho/cm 

9x10-'* 
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TABLE 14.2 

Equations of electromagDetism for SI and Gaussian units — 


Equations Content 

Equation for SI 


Units 

Coulomb’s law 

1 q.qA 



Gauss's law 

:fE. dS - qje, 

or VxE--=?/s 

Electric field near a 

E=ijjzu 

conductor 

Potential of point 

V ^ qjAizz^r 

charge 


Equation for Gaussian 
Units 


r— 7 -r 

r- 

JE. dS— Ar.g 
V X E=:4;rp 

£= 4 tc (7 


Magnetic force on a 
moving charge 
Magnetic force on a 
current element 


F^-fl(vxB) 


V^qlr 


F= 


(v < B) 


c/F-zVlXB) 


dF=— WlxB) 
c 


d F^ ^0 hli 
dl ' 2n d 


'Force per unit length 
on parallel currrent 
Magnetic field created 
by a moving charge 
Magnetic held created 

by a current element 

Magnetic field of long 
wire 

Magnetic field within a 
long solenoid 

Faraday’s law of electro- |e . d\ ^ 
magnetic induction 


dl 


2Uh 

c-d 


B = (vxr) 

Atz 


(vxr) 


cr 


dB = (t/Ixr) 


B = i^^ni 


B=^2ilcr 

B^Annijc 


dq) 


E . 

c dl 


or VxE= 


dt 


Energy density of electro- u=~ ^ 0 ^^+ 

2 2fjLQ 

magnetic force 


VxE=-- 


1 


1 dB 

c dt 




Magnetic moment of 

circling particle 

Magnetic moment of 
current loop 


= L 
2m ^ 


m=iA 


m = y— L 
2mc 


m=iAlc, 
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14.8. fundamental CONSTANTS 


hoc following table the unified atomic mass scale 

arb;e“vLl„r •''' anS wfS'tJ SJ’ 


C=coulomb 
/= joule 

A:= degree kelvin 
/:(g)= kilogram 
w=meter 


moJ=moIecuIes 

iV— newton 
J== second 
7’=tesla 

tt=atoniic mass unit 



Constant Symbol 


Value in SI units 


Avogadro’s number 
Bohr magneton 
Boltzmann constant 
Electron rest mass 
Elementary charge 
Fine structure constant 
First Bohr Orbit 

Mass unit (unified 
mass scale) 

Neutron rest mass 

Nuclear magneton 

Permeability of free 
space 

Permittivity of free 
space 

Planck constant 

Proton rest mass 

Rydberg constant 

Speed of light in 
vacuum 


Na 

f^B = ehl2mt 

k 

e 

u 

/»N 

M'O 


6.02205X102^ moH 

9.27408x10-2^7-' 
1.38066 xl0-2» /AT-' 
5.48586 X IQ-* u 
1.60219 X 10-'® C 
1 37.03604 
5.29177x10-” m 
1 .66051 X 10-’^’’ kg 

1.00867 2/ 
5.05082 X 10-22/7'* 
4:rx 10-2 


^0 8.85419 X 10 '2 c^A^"* /n'^ 

^ 6.62618 X 10 2‘/5- 

'22® 1 .00728 u 

I.09737X IO'm"* 
2.99792 Xl0*//7j-* 


Energy Convesion Factors 

1 joule=102 ergs = 6.70043xl0» «=6.24146x 10'* eV 
1 kg = 6. 02205 X 102“ «=5. 60955 x 1 0*® eF 
1 °/s:=9.25103X 10-J“ t/=8.6I735x 10““ eV 
1 cal=2.803460xl0'® m=2.61143x 10*® eV 


Part II 



Thermionic Tubes 


1.1. ELECTRON EMISSION 

A metal consists of atoms, due to mutual forces, these atoms 

are held m a regular pattern called lattice. Each atom consists of 
a nucleus surrounded by a number of electrons which move in 
various orbits. The electrons in outer most orbit can move 
ireely from one atom to another in all possible directions within 
entire region of metal. The free electrons can not leave the metal 
surtace since, as soon as, any electron leaves the surface it will 
aevelop one positive charge on the surface which will attract 
the electron This attracting or restraining force acts like surface 
barrier of electrons. So electrons can not leave the surface unless 
their kinetic energy is very large, / c., sulBcient to overcome the 





(a) 


barrier. This additional energy necessary for emission of free 
electrons can be supplied in following ways : — 

(0 Thermionic emission. When a metal is heated, due to heat 

energy, the emission of electrons takes place. The nhenompnr>n 
called thermionic emission [Fig. Phenomenon is 

(h) Photo-electric emission. When a metal is exposed to e m 
radiations, e.g. light radiations or photons, the emission of elertrrvnc 

“ (f'r 

1 -^ u emission. When highly energetic electrons col- 

'“If"; emitted f om tt 

metal. This is called e/nwjfon [Fig. l.l (c)]. 

(iv) Field emission. When a high elertnV r in» 

volts/meter) it established at the surface, the electrons are cmiUel 
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This phenomenon of emission of electrons is called field emission 
[Fig. 1.1 {d)l 


Out of the above processes, thermionic emission process is 
most frequently used. We will discuss here first two processes only. 


1.2. WORK FUNCTION 

The emission of electrons into the surrounding space is 
analogous to the evaporation of liquid. In both the cases the 
pressure of the surrounding electron (or gas) cloud is a constant at 
equilibrium positions and depending on the temperature and the 
metal (or liquid*). Work is to be done in both the cases. In the 
latter case this work is the latent heat of vaporization which is 
required against the mutual cohesive forces (surface tension forces, 
etc). The forces and work in the former case can be explained 
as under ; when the electron leaves the surface, a positive charge 
is induced on the surface^ As the metal surface must be an equi- 
potential, the rr.ethod of electrical images dictates that the field dis- 
tribution will remain unchanged if the surface charge is assumed to 
be concentrated at the image. Thus for an electron (—e) at a dis- 
tance X from the surface, the force 

f=(+e)i — e)j4TX€Q ( 2 a :)-=— eV16i5eo^2^ ...(1) 

— ve sign represents that the electron is attracted toward the 
surface of the metal. It is to be noted that the surface is assumed 
plane, which is possible if the electron is at a distance greater than 
few atomic diameters. 

If the electron is removed to an infinite distance, work done 



This work done by the electron, or the energy required for 
the electron to pass into space is called the surface barrier energy* 
If it is in electron volts and represented by Eb, then 

U=eEb. ..-(3) 


The distribution of energy for free electrons inside the solid is 
given by fermi- Dirac statistics. According to this theory even at 
0"'A', there are sufficient number of electrons which have consider- 
able energy up to the maximum value Er (in electron volts), called 
Fermi energy. But for just emission of electrons the minimum energy 
required is surface binding energy {Eb) which is more than Fermi 
energy. Hence the additional energy (even at 0'"^) required to emit 
elections from the metal surface will be the difference between the 
two energies, i.e. {Eb—Ef). This minimum energy required to emit 
electrons at absolute zero temperature is known as work-function or 
threshold energy {Ew) of the metal. 


Ev)—Eb^Ef. 


• • 


..( 4 ) 


a 
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The work function for a metal will depend on Ihc nature of 
the metal, condition of surface, impurities, etc. When the electron 
of charge e is accelerated through a potennal difference of S volts 
such that 

^ ecl> = (Eu-Ef)=E^c, ...(5) 

the 6 is known as the \olta%e equivalent of the work function. In this 
expression Ea is in the units of electron volts. 

Thus those electrons whose energy is more than tlu" work 
function are emitted. This phenomenon is known as tlicrmionics and 
electrons emitted are called as therm-clectrons or thermion^. 

1.3. PHOTOELECTRIC EMISSION 



The energy associated with a quantum of radiation, Av, may 
be transferred to the electron of a metal. Jvi'>E<p., the work 
function of the metal (measured in clT, the electron may he --jected 
from a metallic surface with a maximum kinet’c energy 

A'.£.=Av-£,r. -*(6) 


This equation is known as photoelectric equation and the effect 
as photoelectric effect. The threshold value of freque ncy beyond 
which photoelectric process can take place is given by 

Vc = £'tr/A ■••('7) 

and the corresponding wavelength beyond which this effect does 
not take place is given by 

Ac(cut-ofif wavelength) —cA/Etc. •••(8) 

Substitution of numerical values shows that Ar lies in the 
visible region only for the alkali metals and barium and strontium, 
which have low values of E.o and in the ultraviolet region for other 
metals. 


To achieve a photo cathode sensitive to light in Oie visible 
ngion of the spectrum, composite materials arc used. on 

silver oxide (A^^ — O—Cs) has peak sensitivity in the U.V. and a 
second peak in the infrared with a thresho'd v/avelength IIOO'IA''. 
AntimonV'Caesium alloy iSh—Cs') has p.aik sensitivity to blue 


lisht but smaller red sensitivity. The combination 
silver, oxyg' n and cae'^ium iBi — Ag — 0 — Cs) has high 
the centre of the visible r-^gion of the spectrum. 


of bismuth, 
sensiiivitv in 


\ nhoto-cell consists of the prepared photo-cathode on a 
semi-'^ylindrical metal p’ate. This cathode when illuminated releases 
electrons which are collected by an anode in the form of a st; light 
wire or a wire frame. It is so mounted as to not cast a shadow 
on the cathode. The whole is assembled in a cylindrical glass 
bulb, that either is evacuated or consists of inert gas at low 
pressure. 


I 


Anode m <3nrip 
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Vacuum photo-cell. With light of appropriate wavelength 
striking the cathode, a small voltage causes a small current. As the 
voltage IS increased, the current rises rapidly and reaches to the 
Mturation value. This saturated value of current increases as we 
increase the light intensity. The volt-ampere curves with light 
mtensity {in lumens) as a parameter are shown in Fig. 1.2 {a). This 

figure shows that the current reaches near saturation values for very 
low values of applied potential. 



Fig. 1.2. 


the Presence of an inert gas increases 

th^e current outpu . The emitted electrons, in moving to the anode. 

collide witn gas atoms and produce ionization. The electrons freed 

fonf r 1 ^^ secondary electrons emitted by the positive 

font n t sml^ace increase the original anode current to 

f r fh ‘^'^^'■acteristic curves are of the same 

“P ionization potential of the 

gas 1 he current tor the gas tube rises above ionization potential 

♦t, gas-filled cell is seen to have sensitivity exceeding 

that ot he vacuum cell. The main disadvantage of the gas-filled 

“on^iacar variation of current output with light intensity, 

r g. 1.2 \b). This is not serious for small variations in light inten- 
sity. ^ 


1.4. RICHARDSON DUSHMAN EQUATION 

Richardson gave a quantitative treatment for the thermionic 
emission Irom the metallic emitters. He assumed the emitted elec- 
trons from me metal surface in dynamical equilibrium with the 

^ tnerefore used Clapeyron’s latent heat 
equation. The relation so obtained was 


Current density , ...( 9 ) 

where Ao=Ae, a constant and ^=work function of the metal. 

To have the values of Ag and ^ in agreement with the experi- 
mental values, Richardson later suggested <I>=<I>^+1 itT and found 
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y=y4o7’*e-'^o/*^, .-(10) 

where ^o=work function of the metal at 

The above relation was also derived by Dushman, using 
quantum mechanical process, hence named as Richardson- Dushman 
equation. 

The process of thermionic emission was best explained by 
using Fermi-Dirac statistics. In this case the number of electrons 
lying between momentum space p and p-\-dp is given as 



Srcp* dp 





where £/ is the Fermi energy and Ea is the surface energy and the 
difference 


Ef=€(l>=€X work function^Eta. 


...( 12 ) 


Here Eto is the work function in electron volts. 

Since p^mv, dp = mdv^ hence Eq. (11) can be written as 


KmlhY dvx dvv dvz 

where vx, \y and vs be the velocity components of the electron along 
the X, y and z-directions respectively (*.’ 4^^ dv=dvx dvv dvt). 

Since {Ea — Ef)'^kT. hence we can write 


N=2(mlhf 




-E,)lkT l-i 


J dvx d\\ dvz 




=2{mlh)^e 


EfIkT \mv^^ -lmv\ -imvh jv. 


The number of electrons arriving per unit area in y—z plane is 
given as 


N'=Nv.^2(rnl,ye^>-r 

mv^yjkTj foo 

e dvy\ e 

CO J CO 

= 4Kmk^ m 


\xe 


X 



-\mvKikT , 

' avg 


Here 


Therefore the saturation emission current density per unit area 
Jx=^eNvx=4T^ mek“ g-(£a“£/)/ftr 

=AT^ 

This equation is known as Richardson- Dushman equation. 
/4=4nw€/cV^^=constant for a particular material. 
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The constant A and bQ{=e(f)lk) can be calculated by puttinji 
the above equation as ^ f 

logejxjn=logeA-eti>lkT=logeA-bo/T. 

The graph between log. jxjT^ and l/Tis a straight line. The 
slope giv js ^0 and the intersept on j-axis (log. gives the value 
ot ogeA. Therefore A and can be calculated for different emit- 
ters. xhe values of certain metals are given below in Table l.l. 

Table 1.1. Values of the emission constants 

for certain metals : 


Material 


Ao (Amplm^ 


i’CK) {eV) 


Melting 
point °K 


Carbon 

Caesium 

Molybdenum 

Nickel 

Platinum 

Thorium 

Tungsten 

Oxide coated 


60 . 2 x 10 * 

16.2x10* 

60.2x10* 

26.8x10* 

60.2x10* 

60.2x10* 

60.2x10* 

0.01x10' 


46500 
2 1000 
51500 
32100 
59000 
38900 
52400 
11600 


4.00 
1.81 
4.44 
2.77 
5.08 
3.35 
4.52 

1.00 


3773 

302 

2893 

1725 

2028 

2118 

3643 

2200 


Schattky eflfect and field emission The electron emission at 
very high fields is almost independent of temperature. It depends 

on the external electric field £ and the work function This field 

alters the effective surface barrier (which is due to the electrostatic 
force between the outgoing electron and the image charge on the 
emitter). There is a reduction in the barrier height and the thick- 
ness of the barrier. The reduction in height of the barrier is called 
Schottky effect. It is proportional to square root of electric field. 
It increases the thermionic emission at high fields in vacuum tubes. 
The reduction in thickness of barrier leads to the possibility of 
quantum mechanical tunnelling. 

1.5. materials for THERMIONIC EMISSION 

The Richardson’s equation suggests that for emission of elec- 
trons a metal with high melting temperature and low work function 
should be used, so as not to be melted at operating temperatures 
but should give copious emission of electrons. Following types of 
materials aie used as electron emitter : — 

(0 Tungsten. The pure metal has high melting point (3643°£) 
and high work function (4.52 cK). It can be operated at tempera- 
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turcs between 2500 and 2800^A' to provide adequate emission of 
electrons. At 2500‘'A ii has a litc ul 2000 hrs. It can be successfully 
used as the filament in high poienual plates (even more than 
10,000 volts). U hai a poor t-fni^sion efficiency tthe ratio of emission 

current to the power cjivmrncd bv he.idng), nearly 80 Ajm xwatt 

at the temperuLuke 2o00 A. n u.cd tn high potential rectifier tubes, 
large power amplifier tubes and in X~ray tubes, etc. 


(ii) Thoriated Tungsten Emitters. In the year 1914 Langmuir 
and Roger developed an excellent electron emitter, thoriated lun^- 
ten with work function 2.6 eV. It operates at t^mperaure 190J A 
It has high electron emission efiSciency of the order of 50 to 1000 

Alrri^ watt. 


Before drawing tungsten into a wire a small quantity (1 or 2 
percent) of thorium oxide ^ThO.> or tlioria) is added to the tungsten 
powder. During ihe evacuation process of the tube, the oxide is 
converted into pure thorium and a portion ol it diffuses through the 
wire to form a mono-atomic layer ot thorium on the surface. An 

intense electric field is developed between absorbed thorium atom 

and base tungsten which reduces the work function, both in com- 
parison to tungsten (4.52 eV) and thorium (3.35 eV). In order to 
reduce the evaporation of thorium layer from the filament it is car- 
bonized by heating at temperature about 1600 K in the presence of 
some suitable hydrocarbon {e.g., nephthalene). The applied potential 
tor these filaments should be less than 10,000 volts. These are used 
for large tubes transmitting power. These filaments are also sus- 
ceptible to damage and decrease efficiency due to the bombardment 
of gas ions. These filaments are used under high vacuum conditions. 


(Hi) Oxide Coated Emitters, in ihe year 1903, Wehnelt develop- 
ed oxide coated eraiueis with quite low work function I.*' eV. But 
these came tn frequent practical use after the year 1922. The oxide 
coated emitter operates at the relatively low temperature of 1000 A. 
It has very hieh el ‘ctvon emission efficiency of the order of 100 to 
10000 Aim' waits. The filament has the base of nickel or konel 
(alloy of nickel, cobalt and titanium) or some other alloy, coated 
with the oxide of barium and strontium. During the evacnalion 
process some of the oxide is converted to pure mcia! and this forms 
an absorbed layer which is electropositive to the base and reduces 
the work function. These are most common filaments used in the 
tubes. These are used in small tubes, also in power tubes with suffi- 
ciently high anode voltages (up to 1000 volts). These are also sus- 
ceptible to oxygen poisoning and damage due to gas ion bombard- 
ment. 


Directly and Indirectly Heated Emitters, 
ters are of two types in their practical form. 


The thermionic emit 


(1) Dirfi.ctJy heated or filament type. The directly heated fila- 
ents are taken in the form of a K, PE or a straight wire (Fig. 1.3). 
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The electron emission takes place directly from these wires when 

heated by allowing a current 
through them. Tungsten and 
ihoriated tungsten emitters arc 
used for this purpose. These are 
used for very high voltage sys- 
tems. These suffer with follow- 
ing disadvantages : {a) When the 
wire is connected to a dc source, 
Fig, 13. the potential difference is distri- 

buted along the wire, so various 
points of the wire (emitter) will be at different potentials, (i) When 
it is connected to an ac source, it will result in an alternating elec- 
trostatic field near emitter, which will cause noise in the output. 

These emitters were used in early stages. The disadvantages 
arefavoided in the indirectly heated emitters. 

(2) Indirectly heated type. These emitters are commonly used 


Gloss 

Envelope 



Fig, 1.4, 

due to their high emission eflBciency. These consist of cylindrical 
sleeve of nickel, coated by oxides of barium or strontium on the 
external surface. These are heated by an insulated heater coil of 
tungsten (Fig. 1.4). The current is passed in heater coil and not 
through the cylinder, so all its parts remain at the same potential. It 
has number of advantages : id) ft is more stable than directly heated, 
(b) It has a very high emission efficiency due to the use of oxide-coated 
emittir.g surface, (c) The emitter surface is at same potential and id) 
It avoids the objectional hum, noise, etc, 

1.6. VACUUM DEVICES 

Thomas Aiwa Fdison while experimenting with incandescent 
lamps introduced a positive electrode in the lamp and found a 
current flow through the circuit. The ages of electronics began 
with this discovery in 1883. The vacuum tubes were used as a 
rectifier and detector of electromagnetic waves of early radio. 
The introduction of control grid to the vacuum tube enabled 
amplification of signals. The vacuum tubes have been improved 
for various purposes. The developments of solid state devices 
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reduced the application of vacuum devices. However, the vacuum 
devices are still used in certain areas like high power and micro- 
wave applications and cathode ray tube applications. 


1.7. DIODE VALVE 


A diode valve consists of two electrodes in an evacuated bulb 
of glass or metal. The two electrodes are cathode (K) and anode or 


Plate 


Cathode 


plate (P). The cathode may 
be either directly heated or 
indirectly heated. In case of 
indirectly heated cathode, the 
filament/heater (H) is heated 
by a low tension source either 
of dc or ac, which heats the 
cathode but does not emit 
electrons. A hollow, coaxial 
metallic cylinder serves the 
purpose of anode or plate. 

The plate aUracts the elec- 
trons emitted by the cathode 
since it is kept at positive 
potential. When the plate and 
cathode are connected by 
some external circuit, then 

in the circuit, the electron will flow from plate to cathode and the 
conventional current will be from cathode to plate. If the plate is 
connected with the — ve potential, the electrons will be forced back 
to the cathode and no current will flow in the circuit. Thus we see 
that current is only from plate to cathode inside the diode. On 
account of this unidirectional flow of current in diode, it is called 
diode valve. 



Since the electrons falling on the plate are having high kinetic 
energy, hence the plate should be of a metal having high work func- 
tion, otherwise a secondary emission from the plate will take place. 
Generally the plate is of nickel or some alloy. 

Diode Valve Characteristics. The circuit to study the variation 

of plate current (Ip) with 
plate voltage (Vp) is shown 
in Fig. 1.6. The necessary 
plate voltage is given from 
dc source of high tension 
supply (H.T.), which is adjus- 
table with the help of a pot- 
ential divider. F is a volt- 
meter to measure the potential 
difference (Vp) between the 
plate P and cathode K and mA is milliam meter to measure plate current 
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ih). To heat cathode at a particular temperature (r,), terminals- 
o heater H are connected to a low tension (L.T.) source. The 
tilament current (//) is adjusted with a rheostat and is measured 
with an another milliamrreter. The study of change in plate current 
due to change in plate voltage fora particular value offilamenr 
current and therefore at a fixed temperature of cathode gives the 
charocterntic curves of diode valve, which are shown is Fig, 1.7, 

At any temperature 
of cathode, Richardson 
equation gives the number 
of electrons emitted from 
cathode which are not 
affected by the plate poten- 
tial. But the number of 
electrons attracted by plate 
depends upon the potential 
difference Vp. If the posi- 
tive potential of the plate 
is very low so as it can not 
attract the electrons emit- 
ted from cathode, the elect- 
rons will be collected round 
the cathode and wil! form a negatively charged electron cloud. 
The accumulation of electrons between plate and cathode is called 
space charge. This negative cloud will repel the incoming electrons 
from cathode. A situation will reach when the repelling force due 
to space charge becomes sufficient to stop the further emission of 
electrons. When the plate potential is low up to C, the space charge 
repclls the electron coming out of the cathode. Thus a very small 
current flows through the anode since few of the fast moving 
electrons (high kinetic energy) can come out of the space charge. 




0 



Plot® potential ( Volts) 

Fig. 1.7, 


With the increase of the positive plate potential the more 
electrons will be attracted and collected by the plate. The plate 
current increases up to D and the space charge reduces {also the 
repelling electric field on cathode surface reduces). On further 
increase in the plate potential equilibrium can be attained such as 
all the electrons emitted by cathode are being attracted by the 
plate. Ihis is called as saiuration current, if the plate potential is 
increased beyond this value the plate current does not increase 
further, as shown by the curve DE. In this condition there exists 
no space-charge. Thus the charactcnsiic curve can be divided 
into three regions : (1) space charge limited current region I, up xo 
C ; (2) transition region If from C Xo D and (3) saturation current 
limited region or temperature limited current region, from D to £'. 

If now filament current is changed (suppose increased) the 
temperature of cathode will rise (say T 2 >Ti). According to Richard- 
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son-Dushman equation the electron emission increases with the 
temperature. So similar curve BCD'E' will be obtained giving more 
saturation plate current. There is no change in region I. Eq. 
also shows that in space charge limited region the current is inde- 
pendent of cathode temperature and the work function. It varies as 
the three halves power of the plate potential. 

The characteristic curves in Fig. 1.8 show that the variation 
of plate current is not linear with plate potential, /.c., diode does 
not obey Ohrns law. It is called as non-linear resistive element. 



The characteristic curves will be different when these are drawn 
with a resistance m the circuit. The characteristic curves without 
any external resistance in the circuit are known as static characteris- 
tic curves and with some resistance are known as dynamic 
characteristic cunv^vFig. 1.8 1 . The dynamic characteristic curves are 
more straight, i.e., their variation of plate current with plate 
potential is more linear. 

The internal resistance of diode at a point, also known as 
atiode resistance, is the ratio of change in plate potential to the 
corresponding change in plate current at that point. This will be 
different for a point on static and dynamic characteristics Wc can 
calculate by evaluating the slope at a point and is expressed as 

Ri}= AFj)/ A A, ...(20) 

the static internal resistance at O' and 

^p“AFp/A^p» •••(21) 

the dynamic internal resistance at O. 

Since the characteristic curve is not in the form of a straight 
line at all points, so this ratio is not constant. The varittion is 
more in the case of static internal resistance than dynamic internal 
resistance. When A Fp is taken in volts and Afpin amperes, the 
internal resistance will be in ohms. 

1.8. CHILD-LANGMUIR OR THREE H\LVES POWER LAW 

Let us consider a simple diode consisting of a plane parallel 
cathode and anode surfaces lying in the x—z plane. A pd is applied 
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between the plates. To find the diode current and to make the 
mathematics simple, let vs assume that — 

ran ^pocing between the electrodes is small so that the field 

can be assumed uniform end normal to the surfaces of the electrodes 

varianol l^^TplZT there is no potential 

at thepilnI'yLo'!'^°'^' ttrtdis 


^pace^Sarl%n!frTr7 ■ with zero ‘initial' velocity undef 

.pace Charge limited region along the y-direction. 



According to the Poission 
equation, the potential Fat 
any point in the space bet- 
ween the electrodes is given 
by 

dWjdx^ - 1 - d^Vjdy^ + dWIdz* 

= —pho, ..-(22) 

where p is the charge density 
at this point. As potential 
varies along y-axis and is 
Constantin x — z plane, hence 


dWldx^=dWldz^=0 


Fig. 1.9. dWlily^-=-plta ...(23) 


Assuming the initial velocity of electron as zero. Its velocity v 
at any point is related with potential V through which electron has 
traversed and is given by the relation 

\mv^=eV or v=(2eF//M)i'*. --(24) 

Current density at this point j=—nev=pv, .. (25) 

where n is the number of electrons per unit volume at that point. 

Using relations (24) and (25), Eq. (23) reduces to 

d^Vldy^=jlv(o=jle^ {2eVjmyi\ .. (26) 

On multiplying both sides by IdVjdy and integrating, we have 

The constant of integration C=0 as at v=0, V and dV/dy are 
both zero. 
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or 


dy 





[i(^) 


lit “11/2 


yl/i 



On integrating, we have 



J/3/4— 2 



Again constant of integration C' = 0 as at y=0, F=0 


At the anode = 

4 €o V 2 e 


1/2 


d^. 


•• (27) 


or current density at anode ya= 7 p€o — — 7 :r* 

9 \ m J 

= 2.33x10'*' 


• 99 


(28) 


This is the famous Child- Langmuir or three halves power law. 
It shows that the space charge current density is independent of the 
cathode temperature T and work function <1^. 


If the plates are concentric cylinders, instead of parallel plane 
plates, the similar results arc obtained. The space charge limited 
current for cylindrical electrodes is given by the relation 

/a = 2.33Xl0“*'.27C/-u/, 


This is an approximate solution. For an exact solution a 
factor which is a tunction of the ratio of the radius at any point 
to the cathode radius, / e., ralrt is introduced and we have 

I„ 1/3/2 

fa=14.6xl0-«-. . ...(29) 

fQ P 

For rajrk>l, the value of differs from 1 by less than 10%. 
1.9. TRIODE VALVE 


As one can not control diode on account of space charge, 
hence a thud electrode, kno wn as conirol grid, was introduced by 
Lee de Forest. It consists of a spiral of fine wire and is placed 
between the cathode and tne anode, usually near the cathode. The 
tube or valve tnus con^isisof three electrodes, hence is called trLde. 

The construction of a typical triode is shown in Fig. 1.10 
with its symbolic representation. The third electrode is in tb^ 
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form 


of fine, uniform metallic 

Envelope 
Vacuum 


Plote 


Cooted 
Cot hod (? 
(K) 



Filament 


Fig, LJO, 


(nichrora. molybdenum, iron, 
nickel, tungsten, or other 
alloys) mesh, screen or spiral 
winding, which is well sup- 
ported and surrounded the 
cathode K completely. The 
various turns of mesh are 
equidistant with large separa- 
tion between them in compar- 
ison to the diameter of wire 
used. The grid is placed 
nearer to cathode, so as to be 
more effective. The electrons 
from the cathode reach the 
plate from the open space 
without hindrance. Actually 
some potential is applied 
on grid, the electric field 
between grid and cathode 


affects (or controls) the electron flow. Depending upon the field 
configuration and design of the tube the shape (may be circular, 
elliptical or flat helix, ladder type), size and spacing of the grid 
wire are selected. 


All the three electrodes, plate (anode), grid and cathode are 
mounted inside a highly evacuated ( — 10"® meter of Hg) metallic or 
glass bulb. Some triode valves contain traces of inert gas. Some 
chemically active substance, like barium or magnesium is deposited 
by the process of vaporisation on the inner side of the bulb. It 
will absorb the residual gases by chemical action, and will keep 
high degree vacuum inside the bulb for the successful operation of 
the tube. These substances ar-* called g- rrcr5. The properties and 
construction of plate (anode) and cathode (directlv or indirectly 
heated) are similar to as in diode valve. Since the indirectly heated 
valves have many advantages, a coaled tungsten wire is used as 
heater which is very close to cathode. Since the cathode is oxide 
coated so at low temperature copious electron emission takes place. 
The plate is in the form of flat metallic plate if the grid is flat or a 
(''n or cylinder sunounding the grid if the grid is spiral. It 
should be noted that the plate, grid and cathode are symmetrically 
placed always. The plate collects the electrons, emitted from the 
cathode as it is usually connected to the positive potential. The 
terminals of all these electrodes and heater are brought outside 
through the backelite or ebonite base, in the form of base pins. 

To bring the cathode to its proper temperature, for normal 
emission of electrons, heater or filament is connected to a low volt- 
age (ac or dc). The plate or anode is normally connected to a hi 2 h 
positive voltage, to attract the stream of electrons from cathode. To 
.control the electron flow the third electrode, control-grid is connec- 



Thermionic Tubes 


15 


led with a fixed dc voltage, called the grid bias, which is normally a 
few volts negative than cathode. On this bias-voltage is superim- 
posed. This will vary the effective grid-bias and thus the flow of 
electrons, which changes the plate current in plate circuit. 

The electrons emitted from cathode are collected in its imme- 
diate vicinity and form electron cloud, called space charge and repel 
the other similar charged electrons. The plate is at positive pot- 
ential, with respect to cathode. It attracts electrons which flow from 
cathode to plate through the spacing of the grid. With the increase 
in positive potential of plate more number of electrons will be 
attracted, thus the space charge will decrease. Now suppose that 
the grid is at negative potential with respect to cathode, it will exert 
a repelling force on the electrons coming towards the plate. This 
will increase the space charge between the grid and cathode and 
will decrease the plate current. Thus if the grid bias is further 
decreased, the plate current will further decrease and the bias vol- 
tage that is just sufficient to cut ofl the plate current is obtained. It 
is called the cut off bias. At cut ojfbius ofgfid the electric field due 
to grid neutralizes the attractive field of plate. 

When the grid is positive with respect to cathode, electrons 
will be accelerated under the combined effect of grid and plate 
potentials. This will decrease the space charge and increase the 
plate current. If the grid bias is sufficiently positive a stage will be 
attained when all the electrons emitted from the cathode are attrac- 
ted by the plate. Under these conditions there exists no accumula- 
tion of electrons {i.e., no space charge) and the current is called 
saturation current. 

Since the grid wire is positive, a part of electrons is attracted 
by the grid and causes a comparatively small grid current in grid- 
cathode circuit and some power is dissipated. As a large saturation 
current in plate cathode circuit can damage the tube, so the electron 
tubes are generally operated under negative grid bias conditions. Thus 
the variation of pi ite current is p:;ssib’e with grid bias. Since the 
grid is nearer to the cathode, so grid bias is more effective in cont- 
rolling the electrons or the plate current in the circuit. Due to these 
reasons ihc grid is known as control grid. 

Static Characteristic curves of a triodc valve. Fig. I ll 
shows the circuit arrangement for the characteristic curves of a 
iriodo valve. The filament or heater is connected to ac or dc 
supply (generally 6 volts), through a rheostat (not shown in figure), 
to give necessary heater current to heat the cathode to its proper 
temperature for supply of electrons. The cathode is connected to 
negative terminal of a high tension (H.T.) battery Erj of high 
potential of nearly 250 volts. This gives necessary positive plate 
potential through a rheostat Ri, used as potential divider. To 
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record the plate current and plate potential at any instant a mil- 
liammeter mA and voltmeter are connected in the plate cathode 
circuit. A low tension (L.T.) battery Ecc of about 15 to 25 volts is 
used m the grid cathode circuit as the grid bias. The grid bias can 
be negative or positive. This is also adjustable with the help of 



Fig, 1,1 J, 


rheostat used as potential divider. The value of grid bias at 
any instant is recorded with another voltmeter V^, 

As there is no load in the circuit, hence the characteristic 
curves so obtained are called staiic characteristics. Since the plate 
current h of the triode valve depends upon the plate potential Ei> 
and the grid potential Ec, hence we can write 

/&=/(£&, Ec). 


By plotting these three variables simultaneously, we obiain 
following three families of characteristics : 


(u) Plate or Anode Characteristic 
adjusted with rheostat to 

any particular value Ec a aor 

( — ve or +ve) recorded at Kg. | / 

Now the plate potential E& < 60 - / 

in increased slowly in steps ^ / 

with ^ 1 , and recorded at .3 40 - / 
and plate current h for ii / 
each Fi is recorded at mA. ^ 2 c/ / 
This will give one anode \ / 

characteristic curve. By q I/ . 

keeping other fixed values 
of Ec, similar sets of read- 
ings arc plotted which give 
the characteristic curves in 


Curves, The grid bias is 


tJ Er=0 


Ec=-20 


Er = -40 


Ec=-60 
/ Ec=-80 


80 160 240 320 400 480 

Fig. 1.12, 


each case as shown in Fig. 1.12. The anode characteristics arc 
drawn usually for — ve values of grid bias. As the grid is more 
negative, the curves are shifted towards the higher plate potential 
side, without much change in the shape of the characteristics. 
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( 6 ) Mutual or Transfer Characteristic Curves. The plate 
potential it kept at any constant value with /?i, recorded at Ki. 
Now the grid bias is increas- 
ed in steps by adjusting slowly 
(from — ve to +ve value). 

This grid bias is recorded at 
Ka and the corresponding 
plate current /& is recorded 
at mA. By plotting these 
observations we have one 
mutual characteristic curve. 

Different sets of observations 
with other fixed values of Eb 
are similarly recorded and 
plotted. The curves obtained 
in each cases are shown in Fig. 

1.13. These are found similar 
to each other but are displaced 
With the different plate poten- 
tials. For each plate voltage 
there is a particular grid volt- 
age at which the plate current 
IS zero, the cut off-potential. Also there is a saturation current, when 
the variation of grid potential has no effect on the plate current. 



-V8 -K -10 -6 ^ 

Grid potential 
(Volts) 

Fig. 1.13, 


(c) Amplification or Constant Current Characteristic Curves.. 


The plate and grid potentials {Eb 
and Ec) arc adjusted simultane- 
ously to have a same plate current 4 
(A). For a particular value of /&, 1 

we can record grid voltages cor- a 
responding to different values of H 
plate voltages. By plotting these o 
values we will obtain one curve. ^ 
Different sets and hence curves 
can be obtained with the differ 
rent values of h. These curves 
Fig. (1.14) show the effects of the 
plate and grid voltages on the plat e 
current of the tube. 


1 



CoefScicut or Parameters of a 
charactehftic curves show that the effect 


Triodc Valve. These 
of grid potential is more 


on plate current in comparison to plate potential. It is because the 
grid is nearer to cathode. The set of characteristics for a tube 
depends on geometric coafig:uration of electrodes, the spacing bet- 
ween them, the power dissipation capabilities and other factors,. 
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The above design factors of the tube are su 
major tube constants or parameters. 

The slope of the constant current 

A ‘o the change in gr?d 

voltage A£^c for a constant plate current /a, te,, ^ ^ 

''^“('^^‘/^^‘)/^=constant. -^30) 

Sri^rf.rrint f M positive as the effect on the 

lloDelif the ^ potential, m is directly obtained from the 

ed ^frnm ™ Current characteristic, but can also be calculate 

i!acreris,Tc Sri.Tl! >»™al 

l'-20Ma 


As the curves are nonlinear, hence we should write 

l^=‘-{dEbldEc)j 

/6=constant. 


...(32) 


r«iDrccaroA''h'?.M,'J ,r’ ™'“' "f 2". Tb« 

reciprccai ot fi is called xhe penetration factor. 

offer ed^bv^^e^vatv^ ^ the measure of the resistance 

Keeyii;,U“g^id vo', i ph.. cir<n,i,. 

aje of plate current Af. elu'e °o tac?°a "in IteTot’enVaf’Aa T. 
plate resistance is given by ^ poientiai me 


or 


Plate resistance {rp)= ^hange in plate voltage (AE b) 

Change in plate current (Ah) 

r.^(dEi>ldh) 

constant. 


..•(33) 


taee and correcnnn/i^^ resistance a small change in plate vol- 

the erid voltap/mn^f ^ ^ current is recorded, keeping 

of the Slone af anv measured as the reciprocal 

calculate r from One can aNo 

Il°iTs unkll 'I® '* ratio’ of volts to a!np. 

The recilrlcal^of ; k ‘"/rom 500 ohms to 100 kilo ohms, 

me reciprocal of rp is called the plate conductance, g,. 

, r’ Mutual) Conductance. It is a measure of the 

llmrol a ?d to a change in the 

constant.^ ^ ® such that the plate voltage B is kept 


Mutual conductance (gm) 


Change in plate curre nt ( A h) 
Change in grid potentiallXE.) 
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■or ^ constant. * “ ^ 

Mutual conductance, also known as plate-grid transconductance 
is the slope of the mutual characteristic. As the mutual character- 
istic is nearly a straight line for a certain region of value* ofV#, 
hence gm is nearly constant for this region. 

This is the ratio of amp and volts, measured in units of mhos. 
For triode the value of gm lies between 0.5 and 5 millimhos. 



Relation between the Parameters of Triode, As we know that 

h=f(Eb, Ee), 



If the small changes in plate voltage and grid voltage are such 
1 that the net change in current is zero, then 

{dhldEb)'Ee dEb-\-idhldEc)Y.b dEc = 0. 

From Eqs. (33) and (34), we have 

(l/rp).^/£’&+gmi/£'c=0 or gmrp=~idEbldEc), 

This is under the condition that dh—Q, or h is constant. 
Hence from Eq. (32), we have 

gmrp — p* ..(35) 

This equation relates the three parameters cf the triode vabe. 



Variation of the Triode 
Parameters. The values of the 
triode parameters {j., rp and 
gm are not constants but vary 
with the change in plate 
current. The Fig. 1.15 shows 
the variation for any fixed 
value of plate potential. This 
is also because of the varia- 
tion in slope of the characte- 
ristics at different points. The 
amplification factor (/^) is al- 
most constant over a quite 



Fig. 1.15. 


wide range of operation. The 

plate resistance (r/0 varies with different values of plate current. 
It is high for low values of current and attains a constant value at 
higher plate current. The variation in transconductance (gm) is 
reciprocal of the variation of rr and also attains a constant value at 
higher plate current. So these are not constants of a va'^’e but are 
coefficients or parameters of the valve. 



EUctfonks 


20 


Dynamie Characteristic Curve. 



LI 6, 


The characteristic curves so 
far studied are static charac-^ 
teristic as there was no load 
in the circuit. But when 
tube is subject to active 
operation (as an amplifier^ 
eic.) load is always used in 
the plate circuit. The out- 
put is obtained across this 
load. The characteristic 
curve now obtained is called 
dynamic characteristic. 


a load ^ ^ simple circuit diagram for a triodc with 

of innnt <:nnni J instantaneous oc component 

of the {jriH vnh instantaneous value 

currenf k V T the total anode 

As the annd! in Ihc direction shown by the arrow. 

instJnr^in"^ the anode voltage at any 


€b=hb^-h R, ...(36) 

DotYruia^I h!^ potential across the load resistance. This 

foad resistance current and also with 

loaa resistance The plate current /i, isl^givcn^by 

^^^-eb/R+Etb/R. ...(37) 

diode ^’fhe^Wv the case of 

and zh wiih characteristic is the curve between 

These rh'^ra^t • supply Ebb and rcjistancc R as conctant. 

eristics (Fig. 1.17) are quite straight lines (continuous 



fig- L17. 
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1 


( 


curves) and have different slopes than static (shown dotted) charaw 
teristics. The dvnamic characteristic depends on the valve design 
and circuit elements both, while the static characteristic depends on 

the valve configuration only. 

Dynamic cuives can be drawn graphically also from Eq. (36) 

^y subtracting the quantity/./? from each ordinate value of static 

curve. Let Ebi=2Q0V and /?- 10,000 ohms. At cut off i. is zero, 
so e. =200 volts, the full voltage is applied at the plate, v^e thus 
have point A. If now grid is less negative /. w'l 
then /i./?=2x 10-3x10x103 = 20 volts, so e. = 200-20-180 volts 
and we have point B (at £. = 180 volts of statm characteristic) 
Similarly further if /,=4m/l, e.= 160 volts, we have point C and 
so on. ^The line joining the points A, B, C,... gives the dynamic 
characteristic for a particular load R. Similarly other dynamic 
characteristics can be drawn for other loads. VAth the increase m 
load, the slope of the characteristic decreases. Dynamic curves are 
more linear and have less slope than static curves. Due to the linea- 
rity of the dynamic curves the output wave form is not distorted. 

Dynamic Anode Characteristic. It is the curve between e. 
and /.withe, as constant. Similar to the Sraphical drawing of 
dynamic mutual characteristics the dynamic anode characteristics 

can also be graphically 


drawn from static anode 
characteristics with the 

help of Hq. (37). If this 
Eqn is plotted on the 
€b plotting, then the 

new characteristic obtai- 
ned will be a straight line 

with the slope (—)//?) as 
shown in Fig. 1.18. This 
lind AB is called load line. 
It cuts the ij axis at EtJ 
R, point A and the et axis 
at eb—Ehb, point B. So the 
Eq. (37) indicates the 


t 


Load Line 


1 

< 

^bb 

E 

R 

c 

lbfT3ax 

.0 

lb ntin 


ec =0 Volfs 
-2 Volts 
-A Volts 



^bnnin ^bmax 
€k in Volts 


£/g. 1.18. 

equation'of load line for a given value of Ebb and R. The load line 
is the characteristic of the external circuit elements and not the valve 
characteristic. The intersection of the line with the static anode 
characteristic gives information about the external condition of the 
plate current and voltage. If the valve is operated at particular 
grid voltage ec = — 2 volts (say) the load line cuts the characteristic 
at point Q, known as operating point. The power output can be 
calculated from the expression 

Power 0utput = j (£. max — £. m»n) (/. max — lb m(n). ...(38) 

Thus a load line plotted over the tube anode characteristic is 
a very useful tool in the graphical analysis and for the complete 
behaviour or response of the tube. 
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1.10. TETRODES 


A tetrode valve, also referred to as a screen-grid tube of 

- V ^ 4 • A 


Cathode 



^itannerrt 

Plote 

Screen Grid 


Control 
Grid 



Fig, 1.19, 


four electrodes tube^ consists of 
two grids in addition to cath^e 
and anode. The first grid called 
control grid (Gj), is kept close ta 
the cathode, and the second grid 
called screen grid (Gg), is placed 
in between the control grid and 
the anode. This screen grid is 
usually kept at positive poten^ 
tial. The tetrode valve and its 
symbol are shown in Fig. 1.19, 

There exists capacitance 






3' 



Fig, 1,20, 


rr T , liicic cAiais capaciiciu^c 

ect between the cathode, plate and grid of triode valve, because 
o tat. electric field present between these charged electrodes 
especially at high frequencies. This is 
called as interelectrode capacitanre, 

Incse arc designated as grid-cathode 
capticuance Csk, the grid-plate capaci- 
tance Cgp^ and the plate-cathcde 
capacnauce Cpk as shown in Fig, 1,20 
Due to inis capacitance effect (mainly 
due to grid-plate capacitance), some 
energy is Iced back from the plate 
circuit (output) to the grid circuit 

(input) which leads to instability and undesirable oscillations at 
radio-frequency. 

This feedback effect increases also the effective input 

capacitance (/.e., the ratio of the change in charge on the grid to 

the change in the grid potential). When charge is added to the 

grid to remain the anode potential constant the input capacitance 

would be the sum of the grid- cathode capacitance Cgk and the grid- 

plate capacitance In an amplifier circuit, the anode voltage 

decreases by M | or \K\ (the voltage gain) times the change 

m grid ^itage, which tends to decrease the grid voltage by induc- 

K additional charge {Cgp \ A Cgp AVg) 

counteract this effect. Hence, when 

. P ^ j'u* changes with grid voltage, the input capacitance is 
increased by the term \A \ C,, and becomes 

C<n=C»i+C„+ I A I C„=C<,k+{\-A)Csv. 
canacitanr^ % ^ a small 

negligible by inserting a screen grid between the 
gri and the anode. In such a case the input capacitance 

Gin — GflfcH“ Cgp, 

where C,p is the control grid-screen grid capacitance- 
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FoBcdon of Screen Grid, (i) It reduces the capacitence 

between the control grid and the plate of a triode to a negligible 

amount, few thousandths of that of a triode. (//) It thus acts as an 
electrostatic shield between the plate and the control grid. This 
shielding action can further be increased by connecting a bypass 
capacitor between the screen grid and the eathode. (iii) It reduces 
the space charge, as the electrons coming from the cathode receive 

added acceleration on their way to the plate. 

Comparison with the Triode. (i) The plate in a triode controls 
the space and collects the plate current. In a tetrode the 
plate only collects the electrons which succeed in passing through 
the screen, (ii) The passive character of the plate makes the tetrode 
a much better voltage amplifier than the triode. {Hi) The plate-gria 
capacitance is only a few thousandths of that of a triode. (/v) The 
plate-grid transconductancc is roughly the same as that of a tnode. 

(v) The amplification factor and plate resistance are abDut tin or 

one hundred times that of a triode. 

Tetrode Characteristics. The tetrode operation is just similar 
to that of triode, i.f., cathode at ground potential, the contro 
grid at a small negative potential and plate at high positive paten- 
tial. The screen grid is also at positive potential but less than tne 
plate potential (Fig. 1.21). The positive screen accelerates the 
electrons and adds to the electrostatic field of the plate. 1 here is 
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also small screen current but most of the electrons pass through 
the open space of the screen grid towards the plate and produce the 
plate current. Because of the shielding effect of the screen grid the 
electrostatic field of the plate has a little effect on the space charge 
near cathode. So, with the variation of plate potential the plate 
current is not much affected. Hence plate resistance (0Fp/a/p) of 
tetrode is very high, of the order of 0.5 to 1 mega ohm. But the 
control grid is quite effective in governing the flow of electrons, f.e., 
date current. Since the amplifleation factor {(i) is the ratio of 
the change in plate potential to the change m grid potential for 
Ramc change of current hence ^ will also be higher than that of 
triode nearly 400 to 800 times. Generally the transconductance of 
tetrode is same as triode (nearly 1 to 1.5 milli mhos). 
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static plate characteristic curves for a tetrode arc 

curves show the relation between the 
plate current U) and the plate voltage for the values of con- 

constant potential (ec,) is kept 

niLtt v^ f One curve for screen grid current, (ic^) with 

age (ci.) for the control grid voltage of zero volt is also 
Shown. In the initial part of this characteristic, the /co /s highly 
p SI i\e while ^^—0 volts, most of the electrons are attracted by 
e screen and ib is zero. As increases, some electrons are 
f 1 plate thus ib increases and /Vg decreases rapidly. 

nt due to both /b and /f2 remains almost unaltered. 

e further rise in eb, /b falls suddenly while ic^ increases 

^ region of e&, electrons have 

cient high velocities to drive out loose electrons from the plate 
material and project them between the region of plate and screen 
gn . These electrons from anode (known as secondary electrons) 



are collected by screen grid (since ec2>eb at this stage). Now the 
number of electrons with plate has decreased, hence the plate 

current Zb decreases and there is a negative slope in cb—/b curve 
Whencb IS further increased, becomes more than cco. the force of 
attraction due to plate is increased, the secondary electrons will 

reton to plate, zb will rise and ic., will fall sharply. When is 
suflBciently high than Crg, it collects all the electrons and conduction 
of saturation current is achieved (only those electrons which are 
intercepted by the screen will constitute a low current zcg). 


Transfer-characteristics. We know that the plate of the tetmHe 

has very little influence on the space current, xt curves ^ 

screen grid potential Ccg show the effect of variation of the Plate 
potentials, z.c., the variation of zb with et-^ corresponding to a parti- 
cular value of Because of the sligh\ influenTof the pfate The 

curves of triodes for different values of ^ pSed 
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Tnbe PaiametcTS. The plate current of a tetrode 
cipresscd as a function of potentials eo, ea and ee^ as 


€eif €e^ 





A^ci+ 




..,(39) 

...(40) 


Generally the screen potential is maintained constant at some 
appropriate value, hence using and proceeding as for the 

case of tricdes, tube parameters can be defined by partial differen- 
tial coefficients as : 

plate resistance rp={debldib\c^^ 

plate control grid transconductance gm 

and amplification factor ...(41) 

It is clear that the relation also applies in this case. 


These parameters are found by constructing a triangle on the 
characteristic curve about the operating point. 


Negative Resistance. Over the region xy of the tetrode plate 
characteristic, the anode current decreases with the anode poten- 
tial increasing. The anode slope resistance is negative. This region 
is called the region of mgative resistance, or dynatron region. This 
limits the range of operation of tetrode and producing instability. 
But this part is utilized as an oscillator under certain conditions. 
This defect of tetrode is overcome in pentode valve. 


1.11. PENTODE 


The pentode valve consists of three grids in addition to 
cathode end anode. The more grid than of tetrode is in between 
plate and screen suppressor grid. The suppressor grid 

(Gj) c( rsists of a spiral wcurd wiie or a coarse-mesb screen and 


Cothode ✓Rlomcnt 

Control Grid 








Screen Grid 
h 


1 / 





j ^PlQt€ 

Suporessor Gnd 



Fig, 1,23. 

iaf maintained at cathode potential. The pentode valve and its 
symbol are shown in Fig. 1.23. The pentode has all the advantages 
of tetrode as : low grid-plate capacitance, high amplification factor 
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and high power output. The usually undesirable feature of 
secondary emission of negative resistance is overcome by the use 
of additional electrode in the form of suppressor grid. 

Function of Suppressor Grid. is usuilly connected directly 
to the cathode and is thus at a negative potential with respect to 
plate. The secondary electrons from plate are repelled back 
to plate by the negative field of suppressor grid. Thus the secondary 
electrons can not reach the screen grid (even it is positive than 
plate). Thus the plate current rises smoothly without any fall (in 
negative resistance region) up to the saturation condition. The sup- 
pressor increases the shielding effect between plate and screen grid, 
which further reduces the grid-plate inter-electrode capacitance. 

Pentode Characteristics. The operation of pentode is exactly 
same as that of tetrode. The basic circuit for obtaining the static 
characteristics of pentode is that for a tetrode, as the fifth electrode, 
z.e., the suppressor grid is connected to the cathode. Starting with 
zero voltage on the control grid (eoi) and screen grid (ecg) at 100 
volts, values of plate and screen currents (/» and io^ respectively) 
are measured by increasing the plate voltage (eb) from zero to 
maximum. The observations are repeated for various negative 
values of control grid potential. The curves between ib and e* are 
called anode characteristic curves (Fig. 1.24). These curves are free 
from any kinks, which increase the range of the operation of !pcn* 
tode. These undistorted characteristic curves give a large output 
power without distortion. Hence the pentode valve is frequently 
used in radio frequency amplifiers. 



Plate voltage (Volts) 


Ffg. 1.24. 
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CodsUdIs of the Pentode. The tube constants of the pentode 
are determined in the same manner as for the triode and tetrode, 
by constructing triangles about the operating point. As the change 
in plate voltage is still less than with the tetrode, the amplihcation 
factor and the plate resielanee r» arc higher for the tetrode. The 
transconductance is about the same as for a similar triode or 
tetrode. 


The pentode may be used as a tetrode by connecting the 
suppressor grid externally with the plate. It may be used as a 
triode if its screen grid is connected with its plate and no connection 
is made at the suppressor grid. 


1.12. MAGNETRON 


A vacuum tube in {which the electrons move under magnetic 
and electrostatic fields between the electrodes is called magnetron. 
These fields are usually-mutually perpendicular to each other. Most 
ot the magnetron tubes are designed for use with short pulses. 
Several other types have also been developed for continuous-wave 
operation at powers of the order of 50 watts or even higher. 


C Q V ity 


Ccthodtf 


Output 


Usually two types of magnetrons are used. (/) Split anode 

magnetron and {li) cavity magnetron. In the former type the anode is 

^gments. In the latter type, the anodes are of the multi- 

1 y type. There is a filament at the centre which is surrounded by 
a circular anode block in 

which a number of cavities 
are machined. These cavities 
are hollow chambers. The 
magnetic and electric fields 
are developed inside the 
each chamber. Each cavity 
acts as resonant tuning cir- 
cuits as the fields of certain Fig. 1.25. 

tS^m^eanron hv out of 

cavity. ^ ^ of a single loop of wire which is in one 



Pole 



bottom cpr*/ cavities, together with spaces at the top and the 

instaaLan^niici^L^^^^^^j ^ •ircuits. The alternate poles become 
Although because of high frequency voltages, 

etfec^if tve dc potential, but ther 

a caoacirv a ^ number of resonant circuits in series. There is 

nar^ of by the inner 

Loacitvh^^ cqaivalent circiii, Ci represents th^ 

Keen adjacent pole faces. Q represents the ca? ici ty 

inner surface of ckcukr ho'le^“'“‘^® of 
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For a given pd between anode and cathode, the electron path 
depends upon the magnetic field. A* the magnetic field isjncreased 
gradually, the electron path will tend to curve more and more until 
we reach to a value beyond of which electrons will never reach the 
anode. We can achieve a similar variation in electron motion by 
altering the anode potential. The increase of potential will increase 
the eketron circle. Thus in magnetron, the problem is to adjust 

the magnetic field and anode potential to obtain the desired 
oscillation. 

To operate the magnetron, a positive dc voltage is connected 
between the cathede and anode block and an axial magnetic field is 
provided by an external magnet. The electrons emitted from the 
cathode are attracted by the anode. On account of an axial mag- 
netic field the electrons travel in the circular path. While travelling 
toward the anode the electrons shock excite the cavity resonators. 
As a result of this shock excitation, the cavity resonators will oscil- 
late at their resonant frequencies. 

1.13. GAS FILLFD TUBES 

Although the vacuum tubes are very much useful in communi- 
cation purposes. When a large current is required, gas-filled tubes 
are used. They depend for their operation on the characteristics of 
gaseous discharges. The gas tubes may be classified as (1) gas-filled 
diodes, (2) gas-filled triodes, (3) cold cathode tubes (diodes and 
triedes and (4) multi-element pool type tubes. 


1. Gas-Filled Diodes. When the vacuum diode is conduct- 
ing, the electrons which are in transit from the cathode to the anode, 
tend to limit the attractive force of the anode. This effect can be 
reduced if the tube is filled with mercury vapour or an inert gas like 
argon, xenon, etc. 

In the mercury vapeur diode, a directly heated oxide coated 
robust filament of considerable emission area is used. After exhaust- 
ing of air, a small amount of mercury is introduced in the tube. This 
mercury vaporises when the filament is heated. If the cathode to 
anode voltage exceeds 10.4 volts (the ionization potential of mer- 
cury), the emitted electrons have enough energy to ionize the mer- 
cury atoms. The liberated electrons are attracted to the anode, 
while the positive mercury ions move much more slowly, due to their 
heavy weights, toward the cathode and thus neutralise the negative 
space charge. Thus with anode potentials somewhat in excess of the 
ionisation potential, the anode current is equal to almost the entire 
filament emission. The resistance of the valve is very small in com- 
parison with the vacuum diode. The anode current is limited by 
the anede load, otherwise valve will damage. Even for very large 
currents, the anode voltage should not be much greater than the 
ionization potentiaL If no provision is made to limit the currents to 
a safe value, the tube will be destroyed. 



Thermionic Tubes 



The gas pressure correipondi to that of mercury vapour at the 
temperature of the point of mercury condensation. The pressure 
depends upon the temperature, hence the characteristics of mercury 
vapour tubes are functions of temperature. For critical uses, the gas 
used arc argon or xenon, as for these gases the gas pressure changes 
slightly with temperature. 


High pressure gas diodes are available which contain argon or 
a mixture of argon and mercury at a pressure of about 5 cm. In 
such tub.s cathodes consist of a short, heavy thoriated tungsten or 
oxide-coat.;d filament and are located close to heavy graphite 
anodes. The fairly high pressure gas provides the positive ions for 
reducing the space charge and to prevent the evaporation of the 
thorium or the coating from the filament. These diodes are limited 
to low potential operation. 


2. The Thyratron. The thyratron is a hot cathode gat triode. 
It is filled with mercury vapour or inert gas and employs a robust 
electrode structure with an indirectly heated cathode. The massive 
grid structure is so designed as to provide almost complete electro- 
static shielding between the cathode and the anode. The grid usually 
consists of a cylindrical structure, a baffle or a series of baffles con- 
taining small holes being inserted between the anode and the 
cathode. The shielding by the grid is so complete that the applica- 
tion of a small grid potential before conduction is started is ade- 
quate to overcome the field at the cathode due to a large anode 
potential. 


Since the grid potential affects the energy of the electrons 
accelerated to the anode. Suppose the grid is set at a negative 
potential ot ~Vg, then the anode potential will not cause electrons 
to traverse the grid aperture until its potential is cKj, where c is 
greater than one and depends on the electrode geometry When th“ 
anode potential K., just exceeds this value, the electrons traverse the 
grid aperture and are accelerated to the anode If Va is greater than 
the ionization potential of the residual gas, the gas ionises and the 
positive ions thus formed will neutralise the space charge. The more 
electrons are thus accelerated and an arc discharge forms from 
cathode to anode. The discharge starts at the critical grid potential 
which permits the first electron to ionise. Once the arc has been 
initiated, the grid losses complete control over the arc. The tube can 
be extinguished only if we reduce the tube current below the mini- 
mum value required to maintain ionization. When the gas tub* 
stops conducting the grid regains control and the grid bias de^termine 
the amount of plate voltage needed to fire the (ube again. The curve 
that relates the grid ignition potential with the potential of 
anode for conduction just to begin is known as the critical grid curve 
and IS shown by graph in Fig. 1.26 {b). The characteristics in mer- 
cury vapour are functions of temperature. Argon or neortipes are 
available for temperature sensitive or critical application. The critic 
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cal grid characteristics of — vc coatrol thyratron with Hg condensa- 
tion temperature as parameter arc shown in Fig. 1.26 (c). 



io) (b) (c) 

Fig, 1.26, 


It is desired that the grid should control the starting of arc in 
fach half cycle of alternating anode voltage. This places an upper 
frequency limit on thyratron application, since the ionization is esta- 
blished in a few micro-seconds and to quench ionization current 
must be stopped for a period of the order of 100/x sec. For this 
reason, thyratrons are often used with alternating anode potential in 
relay circuits. 

The main difference between a vacuum triode and thyratron is 
that in the former case the plate current is controlled by grid voltage 
while in the latter case the grid voltage only initiates the arc and 
having no control on the plate current. The tubes containing mer- 
cury vapour carry large currents and are very suitable for industrial 
purposes. For high speed working any inert gas may be used. 

3. Cold Cathode Gaa Diodes (VR tubes). Cold cathode 
gas diode is a common glow tube. It operates in the normal glow 
discharge region. As the voltage drop across such a tube over the 
operating range is fairly constant and independent of the load 
current variation, hence it is also named as voltage regulator tube 
(VR-tube), One type of commercial FJ?-tube consists of a central 
anode wire surrounded by a cylindrical cathode. The electrodes are 
of nickel and the inner surface of the cathode is oxide coated. 
The gases commonly used arc helium, neon and argon. The tubes 
containing helium or neon usually contain a small amount (1%) of 
argon, as the latter lowers the staring vultage. The type of the gas 
and the cathode materials arc the oily factors which give a definite 
voltage. The tubes of the typcc VR-IS, VR-90, K/?-I05, and 
F/?-150 have normal voltages of 75, 90, 105 and 150 volts respec- 
tively, with a normal curreut raago of5to40m4. The current 
rating of these tubes is delcraimed by the area of the cathode and 
by the pressure of the gas in the tube. 
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If the potential between these two electrodes is high enough, 
there will be an exponential increase in current with voltage due to 
the further ionization by the ions and electrons. This non-self 
maintaining region of XhcV-I curve is called the Townsend dis- 
charge, At some high potential the heavy ions cause secondary 
emission by bombardment of the cathode. The emitted secondary 
electrons in turn ionize by collision and thus making process self- 
maintaining. The potential at which this happens is known as breaks 
down potential. Upon breakdown, the potential across the tube is 
nearly independent of the current and a visible glow {normal glow) 
is appeared in the gas and on the cathode. The tubes in this region 
are used for voltage regulation. 


A circuit for operation of ra-tubes is shown in Fig. 1.27. 

These tubes are rated according to the firing voltage, the voltage 

drop which will ^e maintained across it and current range over 

which voltage will remain constant. The difference between the 

, supply voltage and the maintaining voltage of the ra-lubewill be 

developed across which will depend on the changes expected 

in the supply voltage, the load resistance and on the VR^tuhet 
characteristics. The current c k ^ luoe 

(h~^h) will be sufficient to pro- 
vide a voltage drop in 7?^ equal 
to Fj — Fj. To maintain the 
drop in Rs and voltage F, 
constant, a decrease in load 
current will cause a corres- 
ponding increase in tube 

current. pig j 27 . 

Resistor Rs=iVx—Vi)IIma,. ...(41) 



1 A minimum current /m<n and the 

-^out eSnl 


volfag^es.' sfnJf tL“7cdon°orregul^tion ‘ is 

changes are wiped out and the tubeiill act as aK; 

desired. iTe whh 

If a potential higher than that of the glow tubf is^Sre^ 
lubes must be connected in seriec ® ® Hi®, • several 

105 in series will provide a constant 255 vo"t “owce 
usefulness because of thdr^fi^d 

^rrent carrying capacity. ^ ratings and the low 

4. Cold Cathode Gas Triodes Tiiic 

jrW glow tube, although the third^emS^ ^ 

sriu js named as 
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cal grid characteristics of — ve control thyratron with Hg condensa- 
tion teroperature as parameter are shown in Fig. 1.26 (c). 


I 


{o) (b) (c) 

Fig. L26. 

It is desired that the grid should control the starting of arc in 
rach half cycle of alternating anode voltage. This places an upper 
frequency limit on thyratron application, since the ionization is esta- 
blished in a few micro-seconds and to quench ionization current 
must be stopped for a period of the order of lOO/x sec. For this 
reason, thyratrons are often used with alternating anode potential in 
relay circuits. 

The main difference between a vacuum triode and thyratron is 
that in the former case the plate current is controlled by grid voltage 
while in the latter case the grid voltage onlv initiates the arc and 
having no control on the plate current. The tubes containing mer- 
cury vapour carry large currents and are very suitable for industrial 
purposes. For high speed working any inert gas may be used. 

3. Cold Cathode Gas Diodes (VR-tubes). Cold cathode 
gas diode is a common glow tube. It operates in the normal glow 
discharge region. As the voltage drop across such a tube over the 
operating range is fairly constant and independent of the load 
current variation, hence it is also named as voltage regulator tube 
{VR-tube). One type of commercial FR-tube consists of a central 
anode wire surrounded by a cylindrical cathode. The electrodes are 
of nickel and the inner surface of the cathode is oxide coated. 
The gases commonly used arc hclimm, neon and argon. The tubes 
containing helium or neon usually contain a small amount (1%) of 
argon, as the latter lowers the starting veltage. The type of the gas 
and the cathode materials are the only factors which give a definite 
voltage. The tubes of the typee VR-15. VR 90. FR-105, and 
FR-150have normal voltages of 75, 90, 105 and 150 volts respec- 
tively, with a normal current range of 5 to 40 mA. The current 
rating of these tubes is deteriained by the area of the cathode and 
by the pressure of the gas in the tube. 
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If the potential between these two electrodes is high enough, 
there will be an exponential increase in current with voltage due to 
the further ionization by the ions and electrons. This non-self 
maintaining region of the K-/ curve is called the Townsend dis- 
charge. At some high potential the heavy ions cause secondary 
emission by bombardment of the cathode. The emitted secondary 
elcctrcns in turn ionize by collision and thus making process self- 
maintaining. The potential at which this happens is known as break’ 
down potential. Upon breakdown, the potential across the tube is 
nearly irdepcndect of the current and a visible glow {norjnal glow) 
is appeared in the gas and on the cathode. The tubes in this region 
are used for voltage regulation. 


A circuit for operation of Ki?-tubes is shown in Fig. 1.27. 
These tubes are rated according to the firing voltage, the voltage 
drop which will be maintained across it and current range over 
which voltage will remain constant. The difference between the 
supply voltage and the maintaining voltage of the K/?-tubewill be 
developed across which will depend on the changes expected 

in the supply voltage, the lead resistance and on the KT^-tube 
characteristics. The current + 


will be sufficient to pro- 
vide a voltage drop in Rs equal 
to — Fg. To maintain the 
drop in Rs and voltage Fj 
constant, a decrease in load 
current will cause a corres- 
ponding increase in tube 
current. 
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Fig. 1.27. 


Resistor Rs^iVi—Vo)// 


max. 


. . . 


(41) 


I A minimum current and the 

load may draw any current from zero to Ima. -Uin without effecting 
the operation of K/?-tubes. vvuuuui enecting 


;he”7c?io„'“rsj 's 

chatgisatewipcdcmicdlhetubeiill actasafllt^.’ ' ™ 

d.air<d. \Z «£ wS “»(d£aToZa,r:'/°'"'^' ',Z ™'>=> 

If a potential higher than that of ihe glow tubf^is^de ^ 

tubes must be connected in ^ desired, several 

105 id ae,i.s .ill pacfdZa coS"t 2'5°5 VouZurcr*"" ““ 

usefulness because Zf lhei£ fi«d * 5® limited in their 

xurrent carrying capacity. Potential ratings and the low 
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control electrode or control anode. The tube consists of three 
electrodes. The cathode is a nickel surface coated with a bariam 
and strontium mixture. The anode is a pure nickel wire* The 
control electrode, also named as starter anode, is placed close to 
the cathode. It may be a wire loop in some cases and a metallic 
shield with a hole in other cases. The tube contains a mixture of 
neon (99%) and argon (1%) at a pressure of 40 mm Hg. 

The spacing of the electrodes are so adjusted that a discharge 
takes place from the cathode to the control anode at a lower 
voltage than is required tor a discharge from cathode to the anode. 
Now It is possible to transfer discharge to the anode. The anode- 
catnode voltage required for this process is a function of the current 
in the cathode to control electrode circuit, /.e., the transfer cuftent. 
The curves between anode voltage vjs transfer current are called 
the transfer or transition characteristics. For zero transfer current 
the anode voltage is equal to the breakdown voIta;e between the 
cathode and the anode. If the transfer current is increased, the 
required anode-cathode voltage will fall rapidly, but will not go 
beiow the mamtaining voltage for this gap. fne transfer charac- 
teristic thus depends upon the type of gis, the pressure and the 
electrode structure. 


The cold cathode gas triodes are very mueh used as rectifiers 
in selective ringing telephone circuits, as voltage regulators, as 
relaxation oscillators, and as relays or switching units. The circuit 
diagram for its use as relay is shown in Fig. J.23. Tne plate supply 
voltage Ebb is greater than the main gap sustaining voltage but less 
than the main gap breakdown voltage. The voltage Ee^ is less 


than the control 


Input 


gap breakdown voltage. Thus a positive pulse 

will raise the control anode voltage 
above the breakdown point and 
discharge will occur between these 
I electrodes, if the transfer current is 
suflficiently high so that Ebb will cause 
< breakdown, then the discharge will 
transfer to the anode circuit- In this 

{|i| 1 way a small input current is able to 

^bb control several milliamperes in the 


Fig. 1.28. 


load circuit. 


The cold cathode gas triodes have many features like the thy- 
ratron. All these triodes contain control electrodes. The discharge 
between the cathode and the anode cannot take place unless the 
control electrode is properly energized. Thus the transfer charac- 
teristic of the tube is the counter part of the critical grid breakdown 
characteristic of the thyratron. Despite the common features, the 
fields of application arc quite different, as the maximum 
from a glow tube is while from the thyratron is '^1004- 
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1.14. BEAM POWER lUBE 

It is the modified form of pentode and contains a cathode, a 
control grid, d, screen grid dinA dLix anode. It is constructed so that 
the electrons flowing to the plate are made to travel in concentra- 
ted beams. As it is capable of handling larger aniaunts of power, 
it is known as beam power lube. 

In the modified form of the tube the screen grid wires are 
wound with the same pitch as the contra! grid. In the tube they 
are placed so that each turn oT the screen grid is shaded from the 
cathode by a turn of the control grid. Ths number of electrons 
captured by the screen is thus reduced and the electrons are con 
fined in thm slices or flat beams in parsing between the grid,. The 
electron beams are further concentrated by cathode connected beam 
forming plates. These plates are included to imamtain uniform 
current density over a cross section of the beam and to prevent the 


Bean'i norrr-.mg 

P'.ate" 
G: 'd 

Col hoot- 


Fig. 1.29. 

return of secondary electrons by piths outside the beam. The effect 
is that of a virtual suppressor grid. In some beam power tubes an 
actual suppressor grid is used. By increasing the spacing between 
the screen grid and the plate, a space charge is set up m this area. 
This space charge repels the secondary electrons emitted from the 
piate and forces them back into the plate. 

Plate characteristics of a beam power tube (6 L 6) is shown 
in Fig. 1.30. These curves (re- 
presented by B) are similar to 
those of the pentode (represent- 
ed by P). The major advantages 
of the beam power tube over 
the pentode are that the knees 
of the curves are sharper, the 
relatively straight and almost 
horizontal part of the curves 
covers a wider range of plate 
voltage, for a large power outputs 
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a lower input voltage is required, gm is appreciably larger. /*is 
hign when compared with triodes and low when compared with 
tetrodes and pentodes. The plate resistance is high but not so hi^ 
as that of pentodes. This tube is having high output, high efficiency 
and high power sensitivity. 


1.15. TECHNICAL DATA FOR THE VACUUM TUBES 

The technical descriptions of receiving tubes used in standard 
broadcast, FM and television receivers in radio amplifiers and in 
many other diverse applications are given in the receiving 
tube manual, technical series R027. The tubes are assigned 
numbers which provide information about the construction and 
application of the tubes. The tubes generally utilize a glass or 
metal envelope and a base. Present-day conventional tube designs 
utilizing glass envelopes and integral glass bases include the seven- 
pin and nine-pin types, the nine-pin and neonoval 

types and the twelve pm duodecar types. These pins are inserted 
ir the sockets. The required sockets are 7*contact, octal, miniature 
9*contact, duodecar 12-contact, etc., types depending upon the tube 
requirement. The tube number is comprised of at least three 
units. The first unit is a number representing the rated value of 
the filament or heater voltage. The second unit has one or more 
letters. The third unit is again a number representing either the 
number of elements in the tube or the number of useful leads. The 
fourth unit consists of one or more letters which indicate the cons- 
tructional features of the tube, e.g., G indicates a glass tube and 
octal base and GT indicates a miniature (or tubular) glass tube 
octal base. 


Exercises 

Example 1. Calculate the work function in electron volts for 
iodium metal, given that the threshold wavelength is 6800 

Threshold wavelength is the wavelength of the incident light 
for which the corresponding incident energy of the protons is just 
equal to the wavcfunction i.e., 

hv^<^ or hclX = <l>, 

The substitution of numerical values gives 

^-6.63x I0"3«x3x 10V6800X lO"!® 

-2.92X joule. 

= 1.82cK. 

Example 2. Is it possible to liberate an electron from a metal 
surface of work function 4.8eV with an incident radiation of (a) wave- 
length 2000 a° and (b) wavelength 5000A° ? 
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The energy of the incident radiation of wavelength A is given 

by 

E=h^=hclK 

(a) £-6.63 X x 3 X 10®/2000x 

— 9.95x10"^® joule—6.22eK. 

(b) E- 6.63 X 10-3^ X 3 X 10V5000 X 1 0'^^ 

-3.98 X 10‘i® joule-2.49 eV, 

The electron can be liberated only and only when the inci- 
dent energy of the radiation is greater than the work function of 
the metal surface. Hence the electron will be liberated only in the 
first case (£>^). 

Example 3. Wheti yellow lifiht from a sodium lamp falls over 
a photoceJL a negative potential of 0.30 volt is needed to stop all the 
electrons from reaching the collector, ^hat potential will be needed 
to stop t! e electrons if light with =4500 A° is used ? 

We know that the energy of the incident photons is partly 
used against work function ^ and rest is given to the electrons as 
£.£ To stop the electrons, a repelling field is applied. They ^vill 
be stopped by a negative potential K, if cV=K.E. Hence we have 

h^ = 6-\-K=*i>-\~eV or /ir'Ai— 

hc{\IX,-\!X^)=eiy^-'VX 

In our case e=1.6x /i — 6.63x 10"^^ J.sec, c=3x 10®w/s, 

Ai=5.893x .^2=4.5 x 10“h7i. and K=0.3 volts, hence the 

substitution of these values in the above relation gives 

Kg— 0.953 volt. 

Example 4. A pd of 100 volts is applied across the plate and 
-cad'ode of a high vacuum diode with plane parallel ilcctrodes separa- 
ted bv a distance of 4 cm. Find the potential at the midplane between 
the electrode^ when the electron density at that plate is (a) zero, (b) 
]0^^ electrons! m~. 

The electric charge density due to space charge electrons and 
pd between the electrodes are given by 

If the temperature is so small that the electron emission is 
practically zero. Thus. Poisson’s equation becomes 

d‘^VIdx^=0. 

Integrating twice, we get V=axA-b. 
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Using boundary conditions : (/) when ;r=0, F=0 (potential 

ot cathode; ; (;/) when x=d (the separation of electrodes! F=Fo 

(potential ot anode), we get 

a=Vo/d and 6=0. Hence V=^Vox/d. 

If the temperature of the filament is greater, then the electron 
density is not zero and has value — p. 

d^Vldx^=+plto. 


Integrating twice, we get V^px^lleo+UiX+bi. 
Using boundary conditions, we get 

6i=0 and ai = VJd-pdllta. 



id-x) 


Potential at the mid-point 

(а) when p = 0, V=Vo (^/t/)=P„(i) = I00x J = 50 volts. 

(б) when p= 10“ electrons/meter*. 


I'=100X 


0-0 2 10“x 1.6 X 10“i»x 0.02 

0.04 2X8.85X10-“ 


[0.04-0.02] 


=46.38 volts. 


Example 5. A tungsten filament of diameter 1.5 mm and 
length 6 cm is concentric with a cylindrical plate in vacuum diode. 
When filament temperature is 2400° K, the plate current is lOOmA 
with the plate voltage of 120 volts. Calculate the plate current with 
plate voltage of 240 and 480 volts. 


Emission current density j==AT^e~^l'^. 

For tungsten, A = 60.2x 10‘ and 6 = 52400 
y=60.2x 10*X(2400)2e-''2«s/^^»o=li42.7 amp/m*. 

Hence emission current /=yx Area of cathode surface (27tr/) 

= 1142.7x2x3. 14X0.75X 10-®x0.06 
= 322.93 mA. 


As with plate voltage of 120 volts, the current is IQOmA, 
hence under space charge limited condition 

ii, = kF»*/2 or 100=6(120)3“ 

At Fi,=240 volts, ii,=6{240)3“=100(2)3“=282.8 mA 

At F»=480 volts, ts =6(480)3/2=800 mA. 
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These results show that /b at ^6= 240 volts is less than the 
emission current, and at Kb=480 volts is greater than the emission 
current since the plate current is temperature limited hence even at 
480 volts, the plate current is 322.93 m-4, the emission current. 

Example 6. A vacuum diode has a cylindrical plate of length 
6 cm and diameter 2,0 cm, A tungsten filament of length 6 cm and 
diameter 0.04 cm is at the axis of the cylindrical plate, and is at a 
temperature of 2400°K. Calculate (a) saturation current and (b) mini- 
mum plate voltage required to produce this current. 

Emission current density 

J= 60.2 X 1 X (2400)*e-®24oo/24oo= j ] 42.7 amp/m». 

Emission current i—jy 2rcr/= 1142.7 X 2x 3.14y 0.02 X 10”^ X 0.06 

=0.086 amp=Saturation current 


Under space charge condition, the plate current 

/ Kb3/2 

j- amp. 


/b = l4.6x 10‘®x 


ra * p’ 

where p depends on radius of anode ra and radius of cathode rt as 

^=\ogeiralrk)—i[\oge{ralrjcW+ 

= logc(50)— |(log« 50)2+... = 1.09 (Approx). 

If the minimum plate potential required for saturation current 
is Fs, then 

0 06 

0.086 = 14.6 XI O’® x 


0 01 '' (1.09)2 
Fs®^2=i]66 Approx, or Fs = l 10.8 volts- 


Example 7. The slope of anode and mutual characteristics of 

a valve are 0.02 mAlvolt and 1 mAlvolt respectively. Calculate the 
amplification factor of the valve. 

The slope of anode characteristic=t//6/i/£b 


=0.02 mAjyolt, 

The slope of mutual characteri sties = ^//b/J£'c = l mAlvolt, 



Amplification factor — 


dE^ 


dEc - 


^6 

dEc 


dEb 

dh 


1 


(dhIdEc) 

(dhldEb) “ 0.02 


=50. 


Example 8. The table given below gives the plate currents for 
differ ent values of plate voltage for grid voltages of zero and —2,0 
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Cfl/cw/a/e the coefficients of the triode at plate voltage of 
100 volts. 


Plate voltage Et, in volts 

80 

100 

120 

140 

Plate current Itj in mA for 
grid potential Ec=0 volts 

8 

1O.9 

13.8 

16.8 

Plate current in mA for 
— 2 volts 

22 

5.1 

1 

8 

10.8 



For £'c =0 volts, at 100 volts. 

A£’fl=P3-A=120-80 

=40 volts. 

A/fi=(/») at -P 3 — (/b) at Pi 

= 13.8-8 = 5.8 mA, 

AEb 40 


Tb 


Ah 5.8x 10 
=6,9 kSl* 

and gm^^iAh! A E c)ei, 

(l0.9-5.1)Xl0-3 


-a 


Plate Voltage 


( 0 + 2 ) 

2,9 milli-mho 


Fig, L3L 

Hence /i=r/>X5',„=6.9X 103x2.9 X 1D"3=20.01. 

A£'b_^ _ 120-80 

h~ 


Also we have p— 


AEe ) h~ 0-(-2) 
which is same as obtained from relation f^=rpXgm, 


20 , 


Example 9. The plate resistance of a 6J5 triode is 8.0 kilo 
ohms and the transconductance is 2.8 millimhos. If only the plate 
voltage is increased by 60 volts, what is the increase in plate current ? 
What change in grid voltage will now bring the plate current to its 
former value ? 

As plate resistance rp=(A£’B/A/B)^,=constant=8000ohms 
AfB=60/8000=7.5 

As mutual conductance gm—(AhlAEc)- * , 

6 V ^£&=:constant 

=2.8 X 10“3 mhos. 

A£'c = 7.5x 10-3/2.8x10-3=2.68 volts. 

This result shows that the change of 50 volts on the plafe supply 
is equivalent to the change of 2.68 volts on the grid supply. 
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Esanple 10. The characteristic curves of a triode valve can be 
represented by the relation U~0.004 (Va+40 mA, where hj Va 
andVg are the instantaneous values of anode current^ anode voltage 
and grid voltage respectively. IfVa=250 volts and volts^ 

determine the valve's parameters. 

Plate (anode) current /o— 0.004 (Fa+40 10"® amp 

or (a/a/0Ka)Ka = 0^.004 X 10*»x I x(Ka+40 Vgyi\ 

/. Plate resistance rp—ra^idValdfa) 

={0.006 X 10'® [250+40 (--3)?/®}“" 

= 14.617 kilo ohms. 

As {dhldVg)va^0.004x 10-®xix40 (Fa+40 

Transconductance gm—{dlaldVg)va 

=0.24x 10‘®[250+40 
= 2.736 milli-mhos. 

Hence amplification factor >i=rpXgm==14.6x2.736=40. CH 

can also be obtained by differentiating the given relation, keeping 
la as constant, as 

h=-idValdVo)la^40. 

Here — ve sign is introduced as Vg is — ve. 

Example 11. If the characteristic curves of a triode valve are 
given by the expression la=a where fa is in mA and Va 

and Vg are in volts. Show that the value of gm is proportional to 
If the measured values of ra and gm are 30 kilo ohm and 3 mA/V res- 
pectively at an anode current of 2mA, find the constants a and p in 


the given expression, 

la=^a(ya+ pVgYl^'mA=a\V..-{- ijVgY^^A. 
grn-=-{dhrcVg)va=a'\ P{Va + pVg)^l^ 

or gmOC/a^/®. 

As (a/a/0Ka)Fa=fl' . liVa+pVgy^^ 

or r,=ra=(aK3/0/a)Kg=|(fl')"' {Va+pVg)-^i\ ...(/O 

As ra= 30 kilo ohm, hence (a'f^ {Va+ pVg)~^i^=l x3x 10* 
or fl' iVa+pVgyf^^i X 10'*. 

As Ia=2mA, hence a' CKa+^Kp)3/2=r2X 10"® —(iv) 

As gm=^3mAlV, hence i a' p{Va+pVgy^^=3xl0~^ 
or fl' p{Va+pVgy'^^2xlO-K ...(f) 

/i=2x 10-®/(? X 10"*)=90. 


Solving equations we get a'=2.3x 10"® or fl=2.3x 10'®. 
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whose plate characteristics are given in 
of SOo'vi.’ IfTTi bias of- 20 volts and a plat! supply 

Of 300 volts. If the load resistance is 4 kilo ohms, what are the 
quiescent current and voltage values ? 

Wejkrow that the potential <6 that exists between the plate 



Plate voltogc in Volts 

Fig. 1.32. 


and cathode will depend upon both the magnitude 
supply £66 and the current it in the load resistor as 

eh^Ebb — ib Rl, 


of battery 


9^rresponding to /&— 0, ^b=Ebb, it gives us one point on the 

Corresponding to e6=0, ib=EbbjRL^200l4000=75mA, 

? • current possible. The figure shows that the largest 

current is yo wW, hence the second point on the load line is found 
by choosing /&=75 

/A 'TrP^ now drawn through the points (300,0) and 

( . 5) on the Fig. 1.32. This line is found to cut the curve 
corresponding to Ec- —20 at a plate current of 38 ntA and plate 
voltage of 149 volts. The plate voltage obtained from the above 
relation correspor ding to the 38 mA is f 6=300—38x4=148 
volts which is in close agreement with the value obtained from 
graph directly. 

Oral Questions — 


1 . 

2 . 

3. 

reduced ? 


What will happen if you fill up a gas in photo-tube ? 

What is meant by the Edison effect 7 

What do you mean by space charge in a diode ? How can it be 


4. 

cathodes ? 


What are the advantages of directly heated and indirectly heated 


Thermionic Tubes 
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5. Explain the terms : Control grid, suppressor grid, screen grid and 
grid bias. 

6. Why do you require fixed grid bias of greater* value than the 
■taaiffum value of the input signal voltage 7 

7. What is the difference between the static and dynamic character- 
istic of a vacuum tube ? 

8. What factors affect the tube parameters (i, gm and r, ? How are 
they related ? 

9. What is meant by interelectrode capacitance ? 

10. How docs the suppressor grid in pentode reduce the effect of 
accondary emission 7 

11 . What is a beam tube 7 

12. What is a magnetron 7 

13. What is the use of filling a gas in vacuum tubes 7 

14. What is the difference beiween a triode and a thyraton 7 

15. What are the uses of V.R. tubes 7 

16. By what other names the followings are also known : tetrode, V.R. 
tube^ cold cathode gas triodes. 

17. What arc they called, diode, triode. tetrodes, pentodes, V.R. tubes 

and beam power tube 1 


Probte 




1. Find whether photceketrens will be emitted 

work function 6.6 eV when the ireident radiation has a 
(A»6.6 X ergs sec) 


from metal surface of 

wavelength of 2300/t.® 

(No) 


2. Calculate the work 
emitted by a light of 4COOX'’ are 

1.3 verits. 


funciicn of the photo cathode, if the electrons 

completely stepped by a negative potential oi 

(l*o ) 


3. In a diode valve, the cathode and anode arc parallel planes sepa- 
rated by a distance of 4 mm. The pd between them is 400 volts. Calculate 

time of flight of electrons and acceleration acting on them when emitteo iro 

cathode with zero initial velocity. {0,674 y.W~^ sec^ J. 757 •< 10 m/jec*) 

4. What will be the current density in amp/cm* of platinum filament 

whose work function is 4. 1 eK and temperature is 2000 '/ir (emission constan 
= 120.1 amp/cm«°A:»). amplm^) 

5. A thermionic diode gives an emission current of 95 wA at 
and 275 mA at IISO^X- Find the work function of the material in eV. 

{0.92 eV) 


6. By how many electron volts must the work function of a surfa^ce of 

a metal chaoKe in order to reduce the emission from the surface at 2400^iCby 
10%. (0 02 eV) 

7. At flat disc shaped oxide cathode with one side coated has a dia- 
meter of 3 mm. If the observed emission or saturation current is 5.7 

the operating temperature of the cathode. (9 oo°a) 

8. A 6J5 triode valve has an amplification factor of 20. What grid 

voltage will produce cut eff, if the 200 volts supply is connected with the plate 7 

(—70 volts) 
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change/ from -n^to volt" V " I**® «"** *» 

What is the change in olate voltace current 7 

original value ? ^ required to return the plate current to the 

* 

conductance of 2^^/^mdHm^hos^^Tf^^tlfp^nf ohms and the trans- 

calculate (a) the increase curreat'^ fbf 

the former plate currenr^^^^^^^ ' 8"^ voltage to regain 

. .Hod.' riHrv''S'o7;.^j';2r^ 


Grid vol tage 

—20V j 

-lOV j 


lOV j 

2oy 

Anode voltage for 






/&" 5m A 

4 

370V 

300V 

M 

220y 

i€oy 

llOK 


Anode vo Itage for 
!(,=> lOmA 



rise to a^chan^*^of change of 10 volts in the plate voltage give- 

grid voltage restore ‘ ® volf in thi . 

mate values of the constants of IhTtriode, “* “ 

(25.2x10* ohms, 12.5 x I0~* mhos) 


r 


2 

Rectifiers and Filters^ 


i 


2.1. RECTIFIERS 

Rectification is the process in which alternating current is con- 
verted into unidirectional current by means of electrical devices. 
The device used for this purpose is called rectifier. It offers a low 
resistance to the current in one direction but a very high ^sist^ce 

.oThfcutreM in the opposi.e dLtnntinn An ideal .ectifi.r offer, 

zero resistance in forward direction and ^ 'Ju'e. 

ward direction. It is like an synchronized switch which allows the 
current in forward direction. Due to this nature the rectifiers are 
represented by the symbol ->1, where arrow points in the direction 

of forward current flow. 


The principle of operation of rectifier may be either mechani- 
cal thermal, chemical or electronic. Of these, the electronic 
principle is the one most generally used in electronic equipments^ 
ThevW be classified into two groups (i) vacuum rectifiers, (a;- 
gas and vapour rectifiers. We will discuss semiconductor rectifiers- 

in chapter 5. 


2 2. VACUUM RECTIFIERS 

If an alternating current is applied between the plate and 
cathode of a diode, the current will flow only during the portion of 
the cvcle when the plate is positive. Thus the current flows during: 
the half cycle only and the diode rectifier acts alternately as a con- 
ductor and an insulator. Such a rectifier is called half wave rectifier. 
If we use two diodes such that one is active for first half and other 

is active for the second half of the cycle, the arrangement is called 

full wave rectifier^ 

1 Half Wave Vacuum Rectifier. The basic circuit for half 
wave Rectifier is shown in Fig. 2.1. Primary Pol a power trans- 
former Tr is connected to the input ac. the ac to be rectified. The 
secondary 5 of transf 01 mer consists of a diode valve and load:- 
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eS*? reea^iip ^ transformer is positive and 

drcuft is conduct So the circuit or the 

cuit conducting. When A is negative the current will not flow 



Fig. 2.1. 

nonconducting. Thus the current in load resistance 

‘‘■/action, but with continuous change in 

The^inn^t ind itf h ‘^o^^^^Ponding to the change in input. 

It obtained in the form of dc, hence 

it IS called as half wove rectifier. 


ti 

< 

E 

c 


Stotic- 
curved 



Dynamic 

curve 


Voltage in Volts 


Fig. 2.2. 

the input wave and hence the output 

Let the applied input voltage be 
resistance and R the load resistance, 
ih through resistance R, is given by 

voltage 


Regardless of the shape 
of the static-characteristic or 
the wave form of the input 
voltage, the output wave can 
be obtained graphically from 
the dynamic characteristic. 
Consider a point on the input 
voltage curve, draw a line 
from this point parallel to the 
current axis. If the point was 
on the positive half side, this 
line will cut the dynamic 
curve at a point. Now draw 
from this point a line [| to 
the voltage axis. In this way 
we can obtain the points cor- 
responding to the points on 
current wave. 

e=^Eo sin oit. If rp is the plate 
then the instantaneous current 


ift 


£a 


total resistance 
/o sin o*t 


{rp-\-R) 
[where /o=£'o/('*p+/f)] 


sin <ot 


..-( 1 ) 
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Since this current (h) flows only for half cycle, hence 
h—Io sin wt during 


and /ft=0 


during n<a>r<2n. 


,..( 2 ) 


Average of devalues. The average value of current (/at>) through 
R can be given by 

fr rr /2 rr 

1 in dt I J^sintot dt-\-\ O.dt 

J 0 _ J 0 J 

Jav = ldc= fr CT^ltrim 

L L 


J r /. 

+o_/„ 


Eo 


2^1 


O} 


75 7c(rp +-/?)* 


».(3> 


Hence the dc or average voltage at the load R will be 


Edc=\deR= — — = 

75 


E.R 


Eo 


n{rp+R) n{\+rplR) 


...(4) 


These two equations give the dc or average power across the 
load R. 


Pdc^Edc[dc = Pdc R=Eo^Rln\rp+R)^, 


•A5) 


rms value of current. The root mean square or effective value 
of current in the circuit can be given as 


l^rms — 



r fr /2 rr 

dt \ Vsin^ o}t dt -\- 1 
Jo 

T 


0 




Odt 


dt 



dt 


V 


or 


/rms — /o /2 — EqII (rp+R). 

Thus the Irtns is greater than the dc component Lc 


.(6} 


Frequency components of rectified output. The output current 
of the rectifier can be assumed as consisting of several harmonics 
of frequency and can be written in terms of Fourier series as 


ifr=i4o4'S4n cos n<jot-\-EBn sin 




where the coefficients /to. An and Bn are given by 

2 
T 


1 r^' 2 

2 f^ 

and Bn= 1 sin nwt dt» 

1 Jo 


cos njjt dt 
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Substituting the values of it from Eq. (2) in these integrals and 
-solving, we get Eq. (7) as ® 


ib 


, 1 . 

+ sin cot 


375 


COS 2 c^t 


1575 


COS 


The first term of the series gives the direct or average compo- 
nent and IS equal to the Eq. (3). The second term his its fre- 
• quency same as that of the supply with peak value fjl. The rms 
value or this fundamental frequency component will be 

Peak value fjl 


V2 


V2 2V2 


The third term gives the second harmonic term. The other 
frequency terms are also there in the equation. So through the load 
.resistance R, dc as well as ac components will pass. 

Rcctijitr efficiency. The efficiency of the rectifier is defined as 

Direct output power p^e 

Alternating input pcwer “ Pac~ ’ 


Some of the power from the ac source is dissipated at the 
■plate of the rectifier and the remaining part at the load resistance 
R. So the total input ac supplied by the transformer can be given 
.as 



P ac — Hrms Tp-j-f^rms R= ^ (rp+T?). 




X 


lo\rp-\-R) ' 


% ofo = 


^ xloo- 



This gives the theoretical efficiency of a half wave rectifier 
which increases as {rp/R)->0. Thus the maximum efficiency will be 
40.6%. But the rectifier delivers maximum output power when the 
load resistance is equal to the plate resistance of the diode (R=rp), 
the efficiency is now reduced to 20.3 percent only. 


R pple Factor. This represents the fluctuating, pulsating or 
alternating part in the output of a rectifier. As obtained from 
.Fourier analysis the output wave consists of alternating compo- 
nents, called as ripples. So ripple factor is a measure of the fluctuat- 
ing or pulsating component, i.e., purity of vw put. It is defined as 
the ratio of the effective value of the ac components of the current 
or voltage to the direct or average value of the current or voltage, 


ripple factor (r)= 


effective value of ac components 
dc value cf the components 
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The output current of a rectifier (/ rm$ ) consists of the direct 
ponent (he) and effective value of all ac components {rrms). 



I'rma f Prmi 
Idc Pdc 




So for a half wave rectifier 



This shows that the effective (or value of the ac compo- 
nent of the output exceeds the ^/c value of the output. Thus we 
see that the half-wave rectifier is not a suitable device for obtain- 
ing dc. 

Peak Inverse Voltage. Peak Inverse voltage (PJV) is defined as 
the maximum voltage present across the diode ends during the 
period of non-conduction. For half-wave rectifier the non-conducting 
period is during the negative part of applied alternating wave and 
its peak value is equal to £o- Actually this gives the voltage at 
which the insulation of tube (diode) must withstand. 


Voltage Regulation. It is a measure of the ability of a rectifier 
to maintain a specified output voltage with the variation of load 
resistance and is defined as 

, output at no load — output at full load 

Voltage regulation^ owrpu/ at full load 


In a perfect voltage regulator the output voltage does not 
-change with the load resistance. For a half-wave rectifier we have 





n( I -j-rp/ R) 





Assuming rp<<R, the higher powers of (rp/R) are here 
neglected. For no lo^ (open circuit, ./?=go), ldc=0 and Edc = Ejn. 

Let I is current at full load condition so drop in voltage at 
plate resistance rv=I.rp. Hence 

, (Eoln)-[(EjK)~T.r‘v\ Lrv 

voltage regulation^ = Ejn-U; 

Thus the voltage regulation is very poor in half-wave rectifiers, 

2. Full-Wave Rectifier. When full input ac is converted into 
trectified dc, the diode is called full wave rectifier. Two diode valves 
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are employed for this purpose as showu in Fig. 2.3. In this case the 
power transformer has central tap C at secondary winding. The 
cathodes of the two identical diodes and are coLected 
together and this common junction to one end of load resistance R. 
the other end of R is connected to the central tapping C. Thus only 

c ®“^°“fary voltage appears between the plate and 

cathode of each diode. C can be considered as a reference zero 

potential for the alternating voltage in the secondary S of the 
cransiormer. 

The voltage on each diode will be equal in magnitude but 
opposite in direction. At any instant, if A is at some positive 

^ will be at equal negative potential relative 
. Ihis gives that the plate of diode is positive relative to the 
cathode junction C so electron flow in circuit is due to the diode 
and not due to Fg. A current thus flows across the load R. During 
the next half cycle of alternating voltage the plate of diode Fg has 



Fig. 2 3. 

positive potential relative to cathode junction Again current 
flows across the load R in the same direction. Thus the voltage 
across R is always in the same direction, but fluctuating. The output 
of each diode can be understood separately as in Fig. 2.2 for each 
half cycle. 


Now-a days for fullwave rectification a double diode is used 
in place of two separate diode valves (Fig. 2.4). It consists of two 



separate plates and a single 
common cathode and fila- 
ment {heater). For half of 
the ac cycle plate 1 is at 
positive potential, it attracts 
the electrons and constitutes 
current in circuit (during this 
interval plate 2 is at negative 


Fig. 2.4. 


Reciffiefs and Filters 

potential). For rest half of the ac cycle plate 2 is at positive 
potential and constitutes current in the same direction (during this 
mterval plate 1 is at negative potential). Thus the current flows in 
the circuit during alternate half cycles due to two diodes. This cir- 
cuit gives output for entire (lull) cycle, hence called full-wave 
rectifier. The waveform of the output is also similar to that shown 
in Fig. 2.3. The current through R is fluctuating or pulsating, 
which can be minimised or removed using smoothing circuits, 
called filtersy will be given in the article 2.4. 

As both the tubes ars considered to be identical, also con- 
sidering that the dynamic characteristic is linear from each diode, 
the mathematical analysis of full wave rectifier can be given as 

follows : 


Let e=£o sin be the applied alternating potential at each 
diode, the plate resistance be rp for each diode and the load resis- 
tance be R. The instantaneous value of current through the load 
will be equal to the sum of the currents due to diodes Vi and at 
that instant. These currents hi and h^ are given by the relations 


(rr+/J) 

i 62 =zero 


sin sin I during 0<co/< 


-(14) 


and also 


so z&i=zero 


— /o sin a>r... f during 


...(15) 

Average or dc value. The average values of current (Ac) 
through R can be given by 


'=t). 

1 r 

=— I 1^ /oSincozJr 
=2/o/7t=2£o/” (/■?+/?). 


ib.ydt 


TI2 CT 

L sin cot dt+ 1 ( 

0 Jr/2 


”“/q Sin CO 


i)dt J 


...(16) 




So the dc or average voltage at the load R will be 

7c 7 :(/*p+£) Tr(l+rp/£) ^ 

and Pdo~Edc.Idc — Idc-R=AE{^Rl‘nr{rp~\-Ry. ...(18) 

rms value of current. The rwj (or effective) value- of curj eat 
in the circuit can be given as 
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It 


ni8 


2 


or 


Tio 

h 


1 P sir® (lit dt 


b' 
2 


Eo 


7 -U 

lrm$ - ^ , 

V 2 V2(rp+i?) 


..(19) 


Frequency components of rectified output. Fourier analysis of 
J the output wavefoTm of the full- wave rectifier will be having fre- 
! quency componerts depeuding upon the resultant due to the wave- 
form of each diode output 




1 2 2 

-)--;rSin cot—^ cos 2 -p^cos 4 cot 
'2 3n 1575 


...] , ...( 20 ) 


I Since /?>2 is ctit of phase with and hence 


lb, 


r 1 1 2 2 "1 

^0 — -;=rsin(0/ — - — cos 2ai/— 77- cos 4a>r... L ••*(21) 


Therefore the total current 


“-id 


4 4 

cos 2ct>t r-:- COS 4<t>/ 


37; 


15n 



...( 22 ) 


This equation shows that lowest frequency term is of 2aj and 
f the odd harmonics are not present. 

^ Eiclifier (fficiencyf^ The percentage of efficiency is defined as 


% of = 


dc 


Pa 


Xl00= 


Idc^R 


Irms^(rp-\- R) 
f2/f,/7rl2j^X 100 81.2i^ 


-XlOO 

81.2 


^ (h! yf mr R) 
Ripple factor . 

2 


Tp+i? [l+(rp//?)] 

The ripple factor is given by 


...(23) 


L'=[(t'y- r=[(^T 

= [(1.117)®-ip/®=0.48. 


1 


...(24) 

Peak Inverse Voltage. In the case of full- wave rectifier when 
one diode (say V^) is conducting, the other diode (V 2 ) wiU be tion- 
ccnducting. The Kirchhoff’s laws can be applied to Fig. 2.3, the 

equation obtained will be 

ebi — €b2~^^Fo sin ct>/=0, ...(25) 

where and are the potential drops across and ^pec- 
tively. If the diode V, is conducting, we can consider the potential 
drop across it as zero, hence the potential drop across the non 

conducting diode V 2 will be 

e&o— 2Fcsin^f or (eb2)mac=^2Eo. 
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Similarly for the diode as conducting and non-conducting 

r&i = — 2£’o sin oyt or {€b^),nax = 2EQ, 


So the peak inverse voltage {PIV) for the diode used for full 
wave rectifier circuit is 2£o, i e,, each diode must have sufficient 
insulation to withstand this voltage. 


'^oltage Regulation, The voltage regulation is given by 

- , . {Edc)no focj.r — {Edclfuil Inad 

voltage regulation=^— 


Here 


Eii c — 


2EoR 


nirp+R) 
2£o 2 


ir 



(Ed-.) 

full 



2E„ ( 

t 

1- 


1 

rr \ 

R ) 

£o 

rn 

2Eo 

~~ Li e . 

• 

7C 

R “ 

4 « 


(when r;.<£) 


At no load (open circuit R=co), Ijc — 0, and Edc = 2EJn, 


At full load we have, 

(Eic) full loud=^{E'ic)no loi.d—{Iic) full f O r?{?.r !• 


Voltage regulation^ 


(/jc) /\iU In.'d.rjy 

[(2Eo/~) --(Lie) full 1 ■ d.rn\ 


Comparison of Half-Wave and Full -Wave Rectifiers 



(0 In half-wave rectifier, the current flows through the secon- 
dary of the transformer always in the same direction, the satu- 
ration of the transformer core takes^place. This produces hysteresis 
loss and harmonics in the secondary ouiput and reduces the 
efficiency of transformer. Whereas in a full-wave rectifier equal 
currents flow through the two halves of the centre tapped secondary 
of the transformer in opposite directions, hence no core saturation 
exists. 

(ii) The average or dc values of currents and voltages are 
double in case of full-wave in comparison of half-wave rectifier. 

(nO Effective or rms value of output current in full-wave 
rectifier is ^2 times the value for halfwave rectifier. 


(/v) The dc power delivered to the load by a full-wave recti- 
fierjs 4 times the power delivered by a half-wave rectifier, 

(v) The fundamental angular frequency term is eliminated 
in full-wave rectifier. The second harmonic component (2aj) in 
the output of full-wave rectifier is easier to filter out. 

^vi) Efficiency of full- wave is twice that of half-wave rectifier. 

^ (vii) The ripple factor of full-wave rectifier is quite low (0.48) 
than_of a half-wave rectifier (1.21). The full-wave rectifier convertg 
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higher percentage of power into desired dc power with smaller 
por ions as undcsired ac. So for a half-wave rectifier rcoSa- 
lively exp.,nsivc smoothijig filter is required. ^ 

{vui) The rull-vvave rectifier diode must be chosen such that its 
msiihui^ strergth .s sutocient to withstand the peak inverse voltage 
ct 2£u. While / n IS £, only for a diode of half-wave rectifier. ^ 

son to^^lulf f - hall-wave has poor voltage regulation in compari- 

sma-l n « 1 ; ’ ofa full-wave is 

smdii tliar\ a Iiail vvave rcctilier. 

rectifier has the chief advantage of simplicity 

remiS '‘"ff compared with a full wave 

St clearly indicate that a full-wave 

rect, filer has h'g/ta- efficwiry, higner dc ou put values /cry co e satu- 

regulation. So for a better 
Jectificf rcctihcr is always preferred than a half-wave 

2.3. GAS DIODE RECTIFIERS 

Gas filled diodes do not conduct until the pi between the 
anode and the cathode reaches the bieakdown value. During con- 
duction, a constant voltage drop exists between the electrodes. 
The conduction ceases when the applied pd becomes less than 
extinction voltage. Actually the breakdown and the extinction 
potentials are not exactly the same, bu, one can assume it appro- 
mately. Similar to the vacuum diooes, gas diodes are also used in 
baJi-vv'ave and full-wavo rectification. 


1. Half ave Gas Rectifier 


M \l 


t 


0 


(c-) 


/■/,:. : 5. 


(O) 


The circuit diagram of the 
half-wave rectifier with a 
load is shown in Fig. 2.5. 
A battery of voitage Eq 
is connected in series with 
an ideal rcctifioi\ so the 
current-voltage chafve^efi- 
Stic of the combination is 
liie same as that of the 
i(ieaiizt.d gas type rectifier 
(Pie- 2.:^ b). 


If the supply voltage is given by es-'=Es;n sin cut then flic Jo-^d 

current 


Ih — [Fsr-J Sill cot ~Eq}/R. 


,..( 21 ) 


Because of tins voltage drop arrows tiie rub^ during con- 
duction, the tube conducts for less than half ereie, .-.rv- between 
angles oi and ao. These angles depend on the larjo E,./E, 7 n. Here 
cc^ is the angle at which ihe tube fires (or sfa'ts conducti^ig) and 
at which conduction ceases. 
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Direct plate current can be obtained by taking the average of 


ib as 


Id 


In Ja^ 


2 Fern sin O^t Eq 


R 


d (^0- 


If £ 9 :;.>£'o» little error will be made by assuming as ai=0 
and a.,=Tc. We thus have 


_ 1 r TC Esm Sin O^t En 2 / \ Es'\n E{j « 

T. — 


nR 2R 


The output dc power Pac—lac^ R = 


Es m i 


1 


tcFo 


7c2R. lEymJ 


...(28) 


.. (29) 


The input power Pi~ Pac — —^ es ib d (cut) 


= sin a»/ 

2n Jo 

[ ' - 4 "] . 


(Esm sin a>/ — £o) 


R 


Es.n^ 

4R 


d(o>t) 


...(30) 


w ^ . Pdc 4(1 — :i£o/2£sm)^ 

Hence the rcctiner efnciency r, = -— = — — \ 

Pac n-(l—4EJnEsm) 

-40.6 (1-1.87 Eo/Esm)% ...(31) 

It is independent of load resistance and lead current. 

2. Fu!l-^^'ave Gas Rectifier. The circuit diagram of full-wave 
gas rectifier is sa . e as that of full-wave vacuum lube rectifier. In 
this case the one plate will conduct for the first half of the cycle 
and the second plate for the 
second half of the cycle. Thus 
we have output voltage in each 
half. On account of the voltage 
drop Eq. each plate conducts for 
less than half cycle and we thus 
have load current as shown 
in Fig, 2.6. The average load 
current 


t 



cut 

Fig. 2.6. 


Idc — 


2 
2n 



Esm sin cat — Eq 


• » 


R 


Pdc — RIde^ = 


it] 


4£r 2 


sm 


k^R 


1 


T 

2Esm J ■ 


•••(33) 


Pac = 2~ I" e. ibdiwt) 

= -f ” 

^ Jo 


Etm sin cot 


{Esm sin cat — £o) 

R 


d(cat) 



54 


Electronics 



• « 


Rectifier eflSciency >3 = 


I'de 




Pac 7T'(1 ALQjUEsm) 

. =81-2(1 ~I.87£o/£.m)%. ...(35) 

used Vacuum Rectifiers. The gas rectifiers are 

used for hicrif Vf applications, while the vacuum rectifiers are 
tifier^ in fcr power arrangements. Gas type reo 

usS ^ cathode mercury vapour rectifiers are 

E qnH require lower filament power, has small value of 

Eq and IS cheaper in cost. 


limitation to the use of mercury vapour type of gas 
rectifiers is that the electrons in the plasma of the discharge per- 

n^rm of very high frequencies. In some cases these 

osc ilalionsare fully suppressed by connecting r/-chokes in series 

with each anode lead. 

2.4. FILTERS 


To select or reject voltages of a given frequency or range of 

irequeucies the inductance, capacitance or their combinations are 

^ ^11 circuits RL, RC and RLC used for this purpose 

are called Let us consider these individually. 

R-L circuit may be used in two ways shown in Fig. 2.7. The 
impedance of the circuit is Z^(R'^+XL^y'^. 

The current through L and R is i^dnlZ, 



{a) (b) 

Fig. 2.7. 

In the circuit Fig. 2.7 {a), the output voltage is 

€out = iR==^€in RKR^ + io^-L^pi-K 


eout __ R 

e.n (R- + Co2L2)l/2 . 


.(36) 


This ratio is zero at oj-^oo and unity at 0 ^ = 0, hence the com- 
bination (< 3 ) is called low pass RL-JiUer. The cut-efif frequency for 
this IS defined as that frequency for which R=ojL or 

fc —RjlnL, 


...(37) 
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For the /IL-circuit shown in Fig. 2.7 {b), 

C^ut uiZ' 

€in 


II 


...(38) 


This ratio is zero at tu=0 and unity at co->-=o, hence tne com- 
bination (b) is called high-pass RL filter, the cut-off itequency is 

again defined as fc=Rl2nL. 

/{C'Circuit may be used in two “ways as shown injFig. 2.8, 

The impedance of circuit 

Z={R^-hXc^yl-. The current in the circuit](=ein/Z. 


wvvwvw 


h 


•in 


C _ 


Cout 


*out 


1 


i 


1 


(a) (h) 

Fig. 2.8. 

The output voltage for the filter shown in Fig. 

^oui =iXc —etn^(jDC{R^ + 


2.8 (a)!is 


• • 


€out 

Cin 


1 


cuC(R--hl/VC2)i/2 


.. (39) 


This ratio is unity at aj = 0 and zero at infinite frequency, 
the combination 2.8 {a) is called low pass RC-filter. 

The cut-off frequency is defined as 

R = Xc or fc=\llTtRC. 

For RC-circiXit shown in Fig. 2.S{b), we have 

Cout R 

w+ih^c^ * 


hence 


“(40) 


...(41) 


This ratio is unity at aj-)-co and is z:ro at aj=0 , hence the 
combination 2.8 (b) is called high-pass RC filter. 

Circuit 2 9 (a) consists of a series Ci circuit and a 

parallel R% C 2 circuit. To have identical resonant frequencies 
L and C are so adjusted that LiCi — L.oCa Since the series circuit 
represents minimum Z and the parallel circuit represe nts maximum 

impedance for the resonance frequency ( = I \/ LC) therefore 
eoutlcin is maximum. This ratio decreases for frequencies greater 
than or less than ojq. Thus a band of frequencies WQ^dcj is passed 
by the filter and other frequencies are rejected by this com- 
bination. Due to this property this combination is called band-pass 


*■ Electronics 

band pass filter becomes band rejector circuit if we 
positicDs of series and parallel circuits Fig. 2.9 (i). 

is minimum for frequency o>o. Therefore a 

and ol frequencies about ojq is rejected and all other frequencies 
being passed. 



{a] (b) 

Fig, 2.9, 

The output of the rectifier consists of dc component and the 
ac or harmonic components, called ripples. While in most of the 
applications a pure dc free from ripples, is required. The purpose 
is served with the help of low-pass filters. These filters decrease 
ripple (by by passing or preventing the ac components) and improve 
the efficiency of the reaction. The most common arrangements of 
filters used for this purpose are : {a) Series inductor, (b) Shunt 
capacitor, (c) L-Section and (d) Tl-section filter. 

(a) Series Inliictor Filters. The simplest form of the filter 
circuit is to connect a choke (inductor) in series with the load. The 
inductance (L) of choke is quite high than the resistance {Rl), In 
order to mainiain a high value of L for a wide variation in current 
flow, some chokes use an iron core with a small air gap to pre- 
vent saturation. The inductor offers a high series impedance 



Fig, 2*10, 
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in path of ac or harmonic components and 
errcses anv change of current passing through it. Actually an 
Inductor stores the energy in the form of magnetic field when the 
current raises from the average value and releases this stored energy 
to the load when the current falls below its average aod thus 
reduces the ripples from the output. The Fi,?. 2.10 shows the 
circuit diagrams of a half-and full-wave rectifier with the series 
inductor filter. 

Ue=Eo sin cat is the applied input at the diode, then the out- 
put without filter will be as shown by dotted curves. In the case 
of half wave rectifier with series inductor, the growth of current 
exists from 0 to n/2 part of the output which is opposed by the 
inductance coil and from n/2 to tc there is a fall in current which 
is not allowed by the coil, so period of the current conduction Js 
increased from 0 to rt to 0 to ( 1 ^+ 02 )* ''^2 known as cut-off angle 
and its value increases with the increase in L. Thus the gap of tc to 
27; part of the cycle in the output has been filled to some extent 
by introducing a series inductor in the circuit due to the induced 
emf L dildt, as shown by continuous lines in Fig. 2. 1 1 (a). 

In case of full wave rectifier, since for each half cycle the 
period of conduction is beyond tc radian. The period of conduction 
in the second rectifier will start before the current in first has 
ceased. Thus the current through the inductor and load resistance 



TT 27V 37\ 


Fig. 2.1 J. 

never drops to zero, as shown by continuous curve in Fig. 2.1 1 (b). 

dc output. Fourier analysis of the output waveform for full 
wave rectifier is given by 

€= 1“ -I" cos 2ajr — ^ cos 4cjr J. ..-(42) 

The first term is the dc component of the input filter voltage. 
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If Rl be the resistance of inductor (or choke) and R is load- 
resistance, then the (dc) current and voltage across the load can 
given as 


hc=2EjK (Rt+R), 

= 2E^lnR. 


{If Rl<R) 


and 


Edc=ldc R=2Ef^RjTz {RL-\-R)t 

= 2£'o/7t=0.637 £*0 (when Rl*^R) 

As Rl will always be quite small than the load resistance 


...(43) 


Edc 


2Ers f 
^ \ 

75 


1 + 


Rl 


-1 


R 
2E^Rl 


1- 

75 V 


Rl 
R 


2 £'„ 


nR 


75 


•^Idc Rl., 


•..(44) 


Voltage Regulation. When there is no load Idc is zero, and 
{Edc) TO lood = 2£'o/^» therefore the voltage regulation 


j. „ {Edc) no load ^{Eac) full toad 

T-= — 

\Ctdc) ful^ load 


IdcRi 


...(45) 


2EQlK — IdeRL 

As the inductor (choke) resistance is quite small, hence the 
regulation factor is also reduced, which means a better regulation. 

Ripple Factor, As the amplitudes of the other higher 
harmonic terms are very small, hence their effects for producing 
ripple will also be very small, so only first ac component, /.e., 
(2£'o/^) (fcos 2oJt) is used for calculations. While neglecting 
higher harmonic terms, we have considered that the impedance due 
to inductance at high frequencies was also high and thus there was 
a better filteration for these terms. From the elementary circuit 
theory we can write the alternating current through the load 
resistance R as 

. 4£'o cos(2ajr— ^) 

3rc [7?i2 + ( 2 a,£,) 2 ]i /2 ’ 

where = + and ^=tan'“^ (2a>L/£i). This is the angle by 

which the current lags behind the alternating voltage. 

Thus the effective or rms value of ac at the output can be 
written as 

T _ 

/rms — 


375\/2L£i2_|_(2a.L)2]l/2^ 

Hence ripple factor r — Irmsj Idc 



4£'o 


3:1^2 [i?i2 + (2a<L)2]*/2 

V2 1 



3 V[l+{2a-L/(y?+i?i)p] 


...( 46 ) 
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From this equation, we have 

(/) {Rl+ the ratio ImLjiRfRL) can be neglected 
in comparison to 1, so r=v2/3=0.47], it was 0.48 for without 
filter, so under such a condition the filtering is poor. 


{ii) If 2ojL>iRL-^ R), so I can be neglected in comparison to 
the ratio {lo>LlR^Y \n the denotrinator so, 



R±Rl 

2ojL 


=0.236 


R^J^ 

oiL 




This shows that r can be decreased by using a choke coil with 
high inductance and low resistance,. Being a> in the denominator, 
the higher frequencies will have less ripple factor. The ripple 
factor decreases as we decrease R or increase load current. In the 
above derivations we have neglected number of facts, c.g., tube 
resistance, transformer resistance and transformer leakage react- 
ance, etc. 


{b) Shunt Capacitor Filter. A capacitor connected in 
parallel with the load resistance serves, effectively as a filter for ac 
components. The simple circuit for full wave is shown in Fig 2.12. 
The reactance offered by capacitor A'c=l/wC, so for dc (aj=0) it 
offers an infinite resistance, while for any frequency (ac) its value 
decreases with increase in frequency. So if the resistance due to 
condenser is very small in comparison of load resistance (i e., I/ojC 
<^/?) then most of the ac or harmonic components will by-pass 
through condenser and will not appear through R^ This will 
improve the d c. output. 






Fig. 2.12. 

As the output potential from rectifier [Fig. 2.12 (a)} 

increases, the capacitor begins to charge (charging of condenser) and 
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thus stores electrostatic energy. The potential across the condenser 
plates will be equal to the potential of the output of the rectifier. 
This will make cathode to be sufficiently positive as it is directly 
connected to the p'ate of the condenser. During the fall in poten- 
tial of rectifier output the diode is disconnected (stop conduction)^ 
as the cathode is sufficiently positive. In this period the capaci- 
tor discharges through the load resistance and delivers its stored 
energy and maintains the load voltage at a high value for a longer 
period. The rate of fall of voltage will depend upon the time 
constant {CR) of the circuit. If it is higher than the period of 
the applied ac, the fall in potential at the load will be small and 
thus maintaining a constant voltage over the full cycle. 

Now consider the effect for next c^ cle when the ac input at the 
condenser increases, the plate current will only flow when the plate 

potential is more than the cat- 
hode potential (since cathode 
was positive with respect to 
plate but due to discharge of 
condenser the cathode poten- 
tial will come down). Thus the 
diode conduction (current flow) 
will be only for a short period 
(0j to ^2) ^nd that too in the 
form of pulses, Fig. 2.13, and 
from 62 to (2Tr+0i) the discharge of condenser will take place. 
During this discharge the source is disconnected so the tubes are 
acting as an automatic switchs. 

During the charging interval ib = ic-\-iR and since the diode 
switch is dosed, the supply voltage e^ec—E^ sin cot, heL.ce 

/&=C decldt-{ ec/R, •••(47) ^ 

Thus during the conducting interval 
h=uiCEQ cos ojt-V{EQjR) sin 

= \/(aj 2C^7?^+ 1) sin (cur -h^), where 9^ =tan"^cuCi?. 

At and we have 

cuCjE'o cos 02+ (Fo//?) sin cr cu^C) 

.*• 9^“ tan“^ {o>RC)=n~ tan'^C — cu/?0 = 7 r— ^2 

£ 

and /6 = — ]^v/(l sin (cu/2 — ojti<^a)t<.ojt2* 

K 

For the period between to 2n-\-o>tx the rectifier is not con- 
ducting, i,e.y 16—0 and solution of Eq. (47) becomes 

€c=Ae~^f^^* 



Fig. 2.13. 
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At <iif=wrg, €c“Eq sin wfg, hence we have 

€c=Eo sin wfg <ot 2 <lojt <{2n 


At wr=w/i4“27c, ec=Eti sin oiti, hence we have 

sin torj=sin ...(48) 

This relation shows that decreases and w/j increases with 
ttjRC, /.<?., the cotiducti m an^le is short for large values of capacitance. 
The dc ^'oUage scross the load can be calculated by averaging the 
capacitor voltage e over a cycle, as 



sin cjf d{iot) 


4 


1 ‘27T-l-6y/^ 

2t: J co/g 


^0 sin w/g 


After integrating and substituting the values from Eqs. (47) and 
(48) we get 

£dc = -v^” (l-j-aj’^£2(^2) (wt2--cotf)]. ...(49) 


This relation shows that £rfc=£’j2T: for low values of C and 
reaches to the peak value of the input voltage for large values of C. 
High value of ojRC is needed for a small ripple. 


The operation of the full wave circuit (Fig. 2.13. b) is similar 
to that of the halt-wave circuit with the discharge time of the capa. 
citor running only to 7r-fw'i instead of 2Tt + ajri. The cut-in 
angle can be ecalculaicd by the use of t; in place of 27c. 


sin cu/‘j = sin 


...(50) 


The dc vcllagc can be ca! ulaicd by averaging the capacitor 

voltages from ojt^ to and noting that there are two such 

pulses per cycle. 


£ I 

1 -cos ( 0 ^/ 2 - 


...(51) 


Thus the variation in £k by the load resistance R are much 
smaller for the iuli wave rectifier than for the half-wave rectifier, 
the voltage rigxdaiion is better f^r the full-wave circuit. 

Because of the complex wavefonvis, i.ie ciijpui wave is taken 
to be a triangUiur waveform for nearest approximate calculations 
These are made of portions of straight lines, as shown in Fig. 2.14. 
v/Uh peak value (maximum voltage at the capacitor). Er js the 
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fall (discharge) in voltage across the condenser or at the load. So 
the average or dc value of potential for such output is given by 

Edc=E^ — ERl2. .^.( 52 ) 



Eig. 2.14. 

The rms value of triangular wave is given by 
Erms — ErI1\/ 3 . 


..-( 53 ) 


i.e.^the rms value of the ripple camponent of the triamul .r wave 
depends on the peak value {Eh) of wave and independent of slope or 
length of the straight lines. 

Tdc^Rate of loss of charge from capacitor — loss of charge due 
to a drop in potential by Er divided by Tjly i.e., half period. 

Idc—2CERlT=2C.fER {as f is the frequency) 

So dc potential across the load R is given by 

Edc—Jdc R — 2CfER R. 

The ripple factor is given as 

” 2C/.£7?.R~ 


Er TiiS 


Ed< 


A^lCfR 


.• ( 54 ) 


This shows that ripple factor raises inversely as time constant 
CR. Therefore the ripples will be less when the value of C or R is 
h\gh {i.e., with low load current) 2ir\6. sham capacitor filter is only 
suitable for low output (load) currents. 

As fic = 2 C.fER or ER=!acl 2 fC, therefore, the 
output voltage 

Eac = Eo-Ecl4fC. -( 55 ) 

Thus the output potential falls linearly with the increase in 
direct current- Thus a simple capacitor filter will possess a good 
regulation with a high value of the condenser C. It is found that 
the regulation of series inductor is better than the shunt capacitor 
filter. 


(c) The L-secdon or Inductor Input Filter. This type of 
^ter is the combination of series inductor and the shunt capacitor 
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filters. It gives very low value of ripples at all loads and hence used 
frequently in the electronic equipments. The circuit for full-wave 



Fig. 2.15. 


X-section filter is shown in Fig. 2.15. The inductor L offers a 
high impedance to the ac or harmonic components and thus reduces 
these components from the output. The shunt capacitor bypasses 
the ac components around the load. Thus the ripples in output are 
reduced considerably. The dc voltage and ripple factor may be 
calculated by taking the first two terms in the Fourier series repre- 
sentation of the output voltage of full- wave rectifier as 

c = (2£’o/7t) — (4 £’o/3tc) cos 2wt. ...(56) 

It is equivalent to a dc source in series with an ac source 
having twice the power line frequency. If the sum of the tube, 
transformer and choke resistances is R, then 


X'(£c=2£’o/r:— /dc R 


• • • 


(57) 


The value of Xl and Xc at second harmonic of supply freque- 
ncy (i.e., for a supply frequency oj) are 2<oL and ]/2a>C respectively. 

The input impedance of the filler circuit at the second harmonic 

frequency 2oi is 


^ o • r JRl2o)C 


or 


I Z, I =(‘)a>’“Z,C-l)/2a;C. 


The second harmonic emf allows the ac current in the induc-i 
tor L, given as 

J SwCEo 

■ z, - 


{lL)rms~ 


3v/2rt 


^W2{Aa>^LC-\) 


If we assume that the entire ac passes through the capacitor 

men where fc. It and Ir are the alternating currents through 

'C, L and R respectively. Thus ^ 


{Jc)rms (/l.)rms 

2<j^CR ~ 2 ojCR " SnV^R&oj^LC— 1) 
A* Ripple factor 

Eic 2Eoln 

=0.47/(4co2LC-l) 


...( 58 ) 
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Since the inductor filter has low ripple on heavy loads and the 
capacitor filter has low ripple 
on light loads, hence it is rea- 
sonable to assume that the in- 
ductor input filter has suitable 
ripple characteristics at all 
loads. For light loads 
the capacitor charges to the 
peak voltage with the dc output 
£o* As R is decreased, the 
diode switches the supply volt- 
age on to the filter and capa- 
citor C is charged to the peak. 

The dc voltage will be lowered. 

The diode action is as for the 
shunt capacitor filter. As the 

load current is further increased, the discharge of the capacitor is 
more rapid and the effect of the indicator is appreciable. The upper 
part of Fig. 2.16 shows the variation in Edc with he. Here Current 
Ik indicates the point at which continuity of load current is obtain- 
ed and the filter begins to act more like an indicator filter 
and less a shunt capacitor filter. Because of the good regulation at 
current values above h, the rectifier should be operated at the 
higher load currents. The lower part of Fig. shows the output 
current for L*section filter. 



o! — J — 

• *dc 



Fig. 2.16. 


To determine //., let us equate the direct current he and peak- 
second harmonic current /g, as 


It gives R=\.SZo, i.e. the current in the input inductor 
becomes continuous and the output voltage levels off at a load 
having resistance equal to 1.5 times the second harmonic impedance 
of the'^filter circuit. Thus the critical value of the inductor input 

Lk^Z^lloj^Rlioj. Ik=^2Eolv:R==2Ej3-<x}L. 



Fig. 2.17. 

The value of ripples may be further reduced by adding more 
stages of L-sections, Each section reduces the ripple factor by 
l/(4aj2LC— 1). The two stages L-section filler circuit is shown in 

Fig. 2.17. 
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{d) The Tl-section or Capacitor Input Filter. When an input 
Cl is added to L-section filter, it forms a IT -section or capacitor 
input filter. A full wave rectifier with capacitor input or TT-section 
is shown in Fig. 2.18. The use of capacitor Cj is to obtain higher 
output voltage for a given input, that can be obtained from L-sec- 
tion filter. It is possible for light load (high R) as the voltage 
maintained by this capacitor approaches Lq. For heavy current 
load (low R)y it will fall below L^and thus loose regulation unless 
a high input capacitance is used. 



Fig. 2.18. 

Capacitor Cj draws a charging current pulse twice in a corn- 
plete cycle and charged to the peak value £f, of the input voltage. 
It then discharges through the inductor L and load R until the 
second diode connects the source on the next half cycle. During 
each conduction interval, capacitor Ci charges to the peak value 
Lu- After this neither tube conducts nor capacitor begins to dis- 
charge. The inductor serves to maintain an almost constant dis- 
charge current. During the time in which the capacitor voltage 
reaches to an appropriate value, one of the tube starts conducting 
and thus the capacitor is again charged. 

The discharge current of Q is difficult to evaluate. The output 
potential is assumed approximately that from the capacitor Q 
decreased by the he Rl drop in the inductor. 

Edc^EQ—ERl2—IdcRL •••(-9) 

=Eo-hc(RL-{- 1/4/Ci). (60) 

This relation shows that the regulation is good for higher 
values of Q. 


If the ripple wave be considered triangular, 
series given by 



Er ^ . 

sin 

n 


Er 

2k 


sin 4ojt+... 


It has a Fourier 



It is reasonable to neglect all harmonics except the second as 
their contributions are very small. This voltage is applied across 
L— C 2 filter. Generally the capacitive reactance ijeuC.^ is made 
small compared with the load resistance R to prevent cyclic changes 
in output current from affecting the output voltage ojL is made 
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large compared with to provide a large reduction in the 

npple components of voltage. Thus 

2wL> 1/2 coC2<7?. _(62) 

The ripple voltage across Cg or across R is 

Er -JI2wC2 Er 1 


£* 2 — Erms — 

ide 


\/2tz 


X 


jloiL—jflioCz 

1 


4ai2£Co-l 


Ripple ractor= 




2V2«uCi(4£o2Z,C2 

1 


V2jc 4co2£C2 

Ide 


1 


Ed 


2-v/2a>i?Ci 


(63) 


This shows that the ripple factor varies inversely as the load 

and L ^ current. It is also a function of Cj, Cj. 

2.5. POWER SUPPLY 

. The power supply unit is an essential type of radio and elec- 
tronic equipment, as it supplies voltages and currents to different 
components of various tubes. It consists four units, namely the 
transformer, rectifier, filter and voltage divider. The values of out- 
put current and voltage required will determine the rating of trans- 
former and the type ot the rectifier tube to be used. The percentage 

of ripple voltage allowable will determine the type of the fitter 
circuit and its components. 



Fig. 2.29. 

The circuit diagram of a power supply unit with Tl-section 
filter is shown in Fig. 2.19. The voltage regulation can be calcu- 
lated by the measuring voltage at no load and different loads. It can 
be shown that the voltage regulation is better if a L’Section filter 
is also added than the IT section filter only. It can be seen that the 
ripple percentage varies directly as the load current and inversely 
as the load resistance. 

The choice of various circuit elements depends upon the 
output voltage, voltage regulation and ripple factor. In a typical 
un-regu!ated power supply, a twin diode (5r3Gr) is used. The 

n section filter has L=^H and Ci=C2=16 /x/. The load resistance 

-^-=50k^i. 
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Electronically Regulated Power Supply. The most widely used 
electronically regulated power supplies provide regulations for both 
input and output variations. For thevoltage stabilization the K7?-tube 
^ with a series resistance is used (Fig. 2.20). For changes in the input 


R 



Fig. 2.20. 


conditions, the voltage drop across the series resistance gets adjusted 
to produce a regulated output voltage. For changes in the load resis- 
^tance, the current between the load and the regulating device gets 
adjusted to produce a constant voltage across the load. Such regu- 
lators are called shunt regulators when the devices are used in 
shunt or parallel to load. 


In an electronically regulated power supply the unregulated 
potential from the rectifier and filter is applied across the terminals 
of the regulator. The regulation is obtained by comparing a fixed 
fraction of the output potential with a standard potential source 
(Ki?-fcube). Any difference between the two is amplified by a high 
.gam dc amplifier and applied to the control grid of the scries 
control tube (a power triode or a pentode or beam tetrode 



, Fig. 2.21. 

^ potential regulator requires 
a knowledge o, the characteristic curves of the control tube and 

f "Phe rfc-amplifier of sufficient gain is 

required to make the correction perfect. If the current require- 
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ments are too high for a single control tube, a number of such tubes 
may the connected in parallel. 

Exercises 

Example 1. In a diode rectifier without filter the load resistance ^ 
Rl — IOOOSI, supply voltage e»=474 sin 3^7 / volts, and the the source ■ 
resistance R»=500Sl. Determine (a) the dc component of load 
voltage, {b) the peak instantaneous diode current, (c) the peak inverse 
voltage across the diode and (d) the average power absorbed by the 
load. 


During the — ve half cycle of es the diode acts as an open 
circuit. During the +ve half cycle it acts as a short circuit and 
load voltage 

ez.= 474 sin 6=316 sin (O<0<’^) 


Rb^~Rl ” 500+1000 

The dc component of et is the average value of the voltage 
over a full cycle of operation. 


Ed 


--I 

In Jo 


2ir 


€L d^ 


= — (” 
27V Jo 


316 sin 0 volts. 


The peak diode current occurs when Cs is maximum +ve. 
/•\ (€s)max 474 o i iC 

(id)maa:— ^ — -irinn i ^i\ri 0.316 Smp# 


• ^ 


its 


Rs+Rl 1000 + 500 

The peak inverse voltage across the diode occurs when Cs has 
aximum negative value, hence 

Epeak intff rse“(es)»iax =474 VOltS. 

As no power is absorbed by the load during the — ve half 
cycle, the power absorbed by the load during the +ve half cycle at 
each jnstant is 


PL 


CL 


3162 


sin^ 0= 100 sin^ d. 


Rl 1000 

The average power absorbed in one full cycle is 

100 


Pl 


=-r 

27t J 0 


Pl J0 = 


2tc 


sin2 0 dd=25. 


Example 2. A diode {rp=500Sl) is used as half-wave rectifier. 
If thi rotect output current is 80 mA and the rms value of voltage 
across the transformer is 220 volts, calculate the regulation and the 
efficiency of the diode. Also find the current corresponding to (he 
output maximum power. 

. EdC, no load — Edc, full load 

Voltage regulation= 


i 


X 100% 


Edc, fuU load 

It will be zero if there is no variation of output voltage with 
load. In the present case 


E.c, no :.ad= = —- 3 ^ 4 - =103.6 volts 


7Z 


n 
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and Ede, full I’fad^Eoln — Idcrv — 103.6 0.080x500 

= 103.6—40=63.6 volts. 

Regulation=[(103.6-63.6)/63.6]x 100=62.9%. 

Rectification efficiency iq=40.6 [1 Ide rj)n/£^ol% 
or ,5=40.6 [1-40 x3.14/230V2]=24.9%. 

Thus the efficiency decreases from 40.6% at no load to 24.9% 
at full load. 

The current at which the maximum power is obtained from 
the rectifier can be obtained by equating n to 20.3 and solving for 
/dc. This will give us a value which is greater than the rated 

current. 

Examples In afuU-wave vacuum tube rectifier without filter 
the load resistance is of 4000 ohms. If the input resistance is 800 
ohms and the supply voltage is of amplitude 240 volts and frequency 
equal to 50 Hz. Calculate (i) peak average and rms values of current, 
(n) dc power output and total power input, (Hi) rectifier efficiency, 
Uv) form factor and (v) ripple factor, 

r ^0 240 

Maximum value of current /o— 


(Rs^Rl) 4800 


= 50 mA 


Average value of current /jc = 


h 


50x2 


=31.85 mA, 


7c/2 3.14 

Root mean square value of current Irms — Iol '>/2=^35.36 mA, 

The dc power output Pdc = Idc^ • Rl— 4.051 watts. 

Total power input /*in=/rms^(/?94'Ri:)=6.001 watts. 


Rectifier efficiency 7j= 


Form factor = 


c 


Pin 

Irms 


4.057 

6.001 

35.36 


x 100=67.60% 


= 1 . 11 . 


Idc ~~ 31.85 

Ripple factor r='\/[(/rnis//dc)^ — l]=\/(l.ll^— 1)=0.48. 

Example 4. A full wave vacuum diode rectifier uses a inductor 
filter (L=20 henrys) and load resistance Rl =10 kilo ohms. An alters 
noting voltage e=400 sin 314 t is applied to the input. If the ampli- 
tudes of the harmonics higher than second are negligible, find (i) the 
dc output current, (ii) component of load current, {Hi) the ripple factor 
and {iv) the dc output voltage. 

Neglecting terms higher than of second harmonic, the rectified 
-output voltage of a full-wave rectifier is given by 


2Eo 

7C 


4^0 

Stc 


cos 2a>f = 


2x400 4x400 


75 


375 


- cos 628r. 


The dc component of load current Idc=EdclRL 

=800/3.14x 10^=25.48mA 
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The ac component of load current 
Irms=EaclZL— 4^0 


’3n'/2[^L2_)_(2cuZ,)2]i/2 

4X400 


3 X 3.14 X 1 .41[108+(2 X 314 X 20)2p/2 
The ripple factor r=-^= 

Ide 


7.5 rr]A 


} 


25.48 


= 0.30. 


The dc output voltage £'dc=/dc/f£=25.48 x 10-*x 10« 

— 255 volts. 


vj/rf Example 5. Calculate the values of the elements of a low pass 

is 1000 cjsec and the terminal impedance 

IS 600 SI. 


r t ^ pass filter the cut off frequency 

/c=l/n\/(LC) and the impedance /?=V(L/C), hence 

600 


L= 


R 


and 


C= 


nfc 

1 


3.14x1000 

1 


191 mH 


rfRfc 3.14X600X1000 


^ o required values are Zi=95.5 mH, U = 95.5 mH and 

n Ci= 0-265 and 6^= 

0.265 pf in IT- type filter. 


Example 6. Design a power supply using a U-section filter to 

voto at 50 mA with a ripple factor not to exceed 

Load resistance .Rz. = 


) 


% ripple factor r 


100 


V’2a>/?Ci(4<^2£Q_l)- 


As the required value is 0.01% and the supply is of frequency 
50 HZy i.e, £t>=2it/=314, hence 

100 


1 ) 


= 0.01 


or 


Rc 


\/2x314x(5x 103) Ci(4x3142 LC^- 

Ci(3.94x 10^LCa-l)=4.5x 10-». 

Let us take an inductor of inductance L~20H and resistance 
500ft. Also assuming Ci=C 2 =C. Hence 

7.88xl0®C3-C=4.5xl0*3 or C=2Apf 
Voltage drop in choke=/dc7?c=50 x 10*^®X 500=25 volts. 
Rectifier output before filteration==250+25=275 volts. 
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Example?. Design a power supply using a L-section filter to 

give dc output of 350 volts at 100 mA with a ripple that must be less 
titan 10 volts. Use a critical value for a choke. 

The effective load resistance i?£=£de//<i»=350/0.10=35005i 

The ripple factor r=£ac/£di!= 10/350=0.0286. 

The critical inductance Lc=RlI3u> 

=3500/3 x2x 3.14x50=3.72/f. 


1 

We know thatr= . 


=0.0286 


or 


I,C=4.18X 10“®. 


These equations specify the minimum values of L and LC, 
required for filtering. 

Example 8. A choke input filter with a full-wave rectifier is 
used as a power supply to provide 100 mA at 300 volts. The resistance 
of the input choke is 80 ohms., that of smoothing choke is 400 ohms 
and the internal voltage drop at the rectifier tube is 30 volts when the 
tube is supplying full load. Calculate the voltage required at the 
plate of the tube when operating as full wave rectifier. 

The potential across the input inductance Li=JExi=^s'^^i 

= 100xl0"3x80=8 volts. 


The potential across the smoothing choke 

= 1 00 X 1 0-s X 400 = 4 0 volts. 


The output voltage at normal load for the full wave rectifier 
choke input filter power supply is given as 

£■ 0 = 0.9 £s— £r— £xi— £ l 2 

or £s=(300+30+8+40)/0.9=240 volts. 

Oral Questions — 

1. How can one use a diode to rectify aUcrnating current 7 

2. Define the terms ; rectifier efficiency, ripple factor, PIV and 
voltage regulation. 

3. Explain the principle of a full-wave rectifier. 

4. Why is the full-wave rectifier more useful than half-wave rectifier 7 

5. For what type of service are gaseous diode rectifiers used 7 

6. What is the function of (a) filter circuit 7 {b) the filter capacitor, 

(c) the filter choke ? 

7. What is meant by (a) a low pass filter, (b) a choke input filter 7 
(c) a capacitor- input, (d) a single section filter. 

Why does a capacitor input filter circuit have voltage regulation 7 

9. For what type of service are capacitor-input circuits generally used ? 

10. What is meant by {a) the optimum value of inductance 7 {b) the 
critical value of inductance 7 
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used ? what type of service are inductor input circuits generally 

12. What are the characteristics of a choke input circuit ? 
rcquirements!^?^^ ** Purpose of the power supply ? Give its general 

14. Name the four parts of a power supply unit ? 
power suppl^?^ L-section filter more useful than the H-section filter in a 


Problems : 

rectifij/with fii°lr^%heV-^ V a half-wave vacuum tube 

ohms calculate resistance of valve is lOOOii and load resistance is 10* 

value of current r/J? current flowing, (//) average value. {Hi) rms 

factor. * ^ power input. <v) dc power out put, and (w) ripple 

JS.I8 mA, 5.78 mA, 9,09 /nA, 0.91 watt, 0.334 watt, 1.21 

is appfied^°If without filter, a voltage 306 sin IOOtt/ 

CalcXte *(/) peak averLoe and load resistance is SOOOii. 

outDut average a.'.d rms values of current. (//) dc power 

output. („o ac power input C/.) rectifier effi (v) form factor"^ 

^0 mA, 15.92 mA, 25 mA, 1.267 watts, 3.75 watts, 33.79%, 1.57 

resistance V - 20 ^t';?n filter ( Z,= 20H) and load 

to the inDut~^°f An alternating voltage e=320 sin 314t is applied 

negligible find’ i harmonics higher than second is 

fac^tof ’ “ ^ ^ current, {ii) dc output voltage and (Hi) ripple 


mA, volts, U.59Z 

voltage'*’e- 250 *shr^ 3 M/’^®‘if^^'^ ® capacitor filter has the input 

and e an7 thi , i V 3- V-f and /Ji=5000fl. Find the values ot 0. 

nevlected ^ current. The diode plate resistance may be 

® • 42°. 94\ 4lmA 

frpn. fof 600a termination is required to cutoff 
T section®® Calculate the values of the elements for 

2.39 mH, 0. 013 v.f 

‘he low pass RL filter is 200|.r H and the resi- 
® 200*fl Calculate the cut off frequency for this filter. At what 
irequency is the output voltage equal to one quarter the input voltage. 

159 Me, 615 Me 


. J* Calculate the ripple voltage at the output of a single section choke 
circuit using a 15 henry choke and a 10 {if capacitor, if the input to 
tne niter is obtained from a fulJ-wave rectifier operated from a 50 cycles power 
source. What will happen if a two section choke input filter circuit consisting 
two similar chokes and two similar capacitors are used ? 

0.96%, 0.015% 


8. Design an LC filter for a full-wave rectifier circuit supplied at 50 
hertz. It is to have a 3000 ohm load at dc output 300 volts and a ripple factor 
of 0,005. Use a critical value for the choke. 
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3.1. AMPLIFIERS AND THEIR CLASSIFICATION 

An amplifier is a device which amplifies or increases magni- 
tude of the applied input. Commonly vacuum tube (or transistor) 
circuits amplify the ac signal applied at the input. In vacuum 
tube, the control grid is capable of varying current sufiBciently in 
the plate circuit. If a small signal (weak alternating voltage or 
current) is applied to the grid circuit then the grid is capable of 
amplifying this signal. The signal in the grid circuit is called input 
and the amplified signal collected in the plate circuit is called 
output and the tube used is called amplifier. Triode, tetrode, 
pentode valves, etc. are frequently used as an amplifier. The 
amplifier may be classified in different ways as : 

(1) According to the use of tube. 

(fl) Voltage amplifier. This is used to amplify the signal 
voltage. The tube used as a voltage amplifier must have high 
amplification factor and must be operated with high impedance 

load. 

{b) Power amplifier. A power amplifier produces a high alter- 
nating power in the output circuit at the cost of dc power, provided 
by the dc plate voltage (f'ftb) ; 

(c) Current amplifier. This is used to produce a large change 
of plate current when a small input ac potential is applied. The 
tube for this purpose must have high mutual conductance (gm). 

(2) According to frequency range of operation. 

(a) Direct coupled amplifier. This is used to amplify signals 
of extremely low frequencies, or dc signals ; 

(Z?) Audio frequency amplifier. This is used to amplify the 
signals of audio frequency range (20 to 20.000 c/sec) ; 
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(c) Radio frequency amplifier. This is used to amplify the 
signals from 16 kilo-cycles/sec to several mega cycles/sec. 

, Video frequency amplifier. Such amplifiers are used in 
television and may amplify the ac voltages ranging from 50 c/sec to 
several hundered maga cycles per seconds. 

(3) According to the interstage coupling. 

{a) Resistance capacitance {R-C) coupled amplifier ; 

ib) Inductance~Capacitance (JL-C) coupled amplifier ; and 

(c) Transformer coupled amplifier. 

(4) According to the range of frequency to be amplified. 

(a) Narrow band amplifier. The amplifier in which the band' 
OT range of frequencies to be amplified is small in comparison with 
the middle frequency of the band. 

(b) Wide band amplifier. The amplifier in which the band of 
irequencies to be amplified is large compared with the middle : 
frequency of the band. 



Fig, 3.1. 


(5) According to the point of operation. 

{a) Class A-amplifier, In such amplifiers the grid {Ecc) 
and input ac signal applied to the grid are so adjusted that the 
plate current should flow during the complete cycle of input. 

{b) Class B-amplifier. In such amplifiers the grid basis {Ecc) is 
just equal to the cut-ofif potential of the tube and the plate 
current will flow during one half of each input cycle, during positive 
half only. 


(c) Class AB amplifier. In such amplifiers the grid (^cc) and 
input are so adjusted that the plate current flows for appreciably 
more than half and less than the entire cycle of input. These 
are classified as AB^ and AB 2 amplifiers. The former does not 
draw grid current at any time while the latter does take grid 
current during some part of the input cycle. 


(d) Class C-amplifier. In such amplifiers the grid bias 
(Ecc) is more negative than that the cut-os' potential of the tube.. 
The plate current flows for less than positive half of applied cycle. 
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(c) (d) 

Fig. 3.2. 

The variations of plate current with the grid bias and the^ 
input for these amplifiers are shown in Fig. 3.2. Here we shall 
discuss only class A audio frequency amplifier in details. 

3.2. CLASS A TRIODE VOLTAGE AMPLIFIER 

The Fig. 3.3 shows 
the circuit diagram of 
triode as voltage amplifier. 

The ac signal (input) e^ is 
applied between grid- 
cathode. The amplified 
output €q is collected across 
load impedance Zl between 
plate and cathode. To 
operate the amplifier as Fig. 3.3. 

class the plate current 

ib should flow for entire cycle of input. The necessary grid bias 
Ee. is adjusted such that the total grid potential (Ecc+e,) should 
always remain negative so that there is no grid current and the 
variation in grid-potential is entirely on the linear part of the trans- 
ler characteristic. Under these conditions due to the change in the 
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grid potential ec, the plate current ib and hence the voltage across 
Zr, will also change similar to that of input signal. The output {cq) 
will be free from distortion so the waveform and the frequency of 
the output will be exactly as that of input signal, but amplified. 

V 

The Fig. 3.4 shows the operation of the dynamic transfer 
characteristic curve {xy) of the valve at the particular load impe- 
dance Zl. The input signal is shown 
as abcde, the operating or quiescent 
point (<2), which corresponds to ^s=0, 
is so adjusted that the entire input (ee) 
should lie in the negative region of 
grid bias. Also the peak value of 
input corresponding to b and d must 
be within the straight part of chara- 
cteristics. The output amplified wave 
form is shown by curve ABCDE. 

The Fig. 3.5 shows the class-^ 
operation of amplifier on the anode 
characteristic. If ib is the current at 
any instant in the plate circuit, the 
instantaneous potential at the plate is 
Fig. 3.4. given by 

eb=Ebb — ibZL, ---(I) 

where Ebb is the plate supply vol- 
tage. This Eq. when plotted on the 
axes of anode characteristics, 
gives a straight line which inter- 
sects at the points, L when i&=0, 
eb=^Ebb and M when ^&=0, /& = 

EbbjZL, This line drawn is called 
load line and intersection with 
characteristics at various grid poten- 
tials gives the corresponding values 

of anode current and anode poten- fig, 5 , 5 . 

tial. Q is the operating point and 

the input at grid {ec), is abcde, the corresponding plate current (ib) 
is ABCDE and the plate potential (eb) as a'b'c'd'e'. 

The phase relation analysis. The input signal voltage is 
generally sinusoidal (e *— £*0 sin wr). When the dc grid bias is 




IT 


Amplifiers 


the potential appearing at the grid with 
respect to earth (cathode) will be 

cc—es^Ecc, •••( 2 ) 

As already required Ecc is always 
negative. The ee and esvjs are plotted 

in Fig. ?.6 (top). 

The plate current is governed by the 
applied potential of plate (Ebb) and the 
grid voltage (^c). At any instant plate 

current is given by 

l6 = /b+(p, ••■(3) 

where (V is the variation of the plate 
current. 

Hence Eq. (1) becomes 

eb — Ebb — (Ib-\-ip) Zl, 




Fig. 3.6. 


But corresponding to quiescent point or no signal point, we 


have 


€b=Eb = Ebo — hZt. 


(4) 


But Cb^Ebb — 

ev—'-'ivZh. ••■(5) 

These all relations are plotted in Fig. 3.6. 

The above analysis shows that the plate current rises when the 
grid voltage increases and vice versa as these two are in the same 
phase. This gives that the potential drop across load impedance 
will also increase. But the anode voltage (eo) decreases with the 
increase of plate current (/&) or grid potential (ec). So the anode 
voltage is u radians (180°) out of phase with grid voltage. 


Voltage gain. Let for a dec change in grid potential the 
change in anode current be dib and corresponding change of anode 
voltage is deb, so we have from Eq. (1), that 

deb=—ZLdib. (sis d Ebb— 0) •••( 6 ) 


Since the plate current (ib) is a function of plate voltage (€&) and 
grid voltage ec, hence we can write 

ib— ec), ***(7) 

For a small change in anode current we thus have 

’»• ' *.+f 8'* 


di 




dec ) 


eb 


\ de 



deb. 


ec 


...( 8 ) 
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But (dib/dec)e,,~gm, the transconductance 
where rp is the plate resistance. Hence Eq, 
rp will be 
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and (3/Vae6).,= l/rp. 
(8) in terms of gm and 


or 


dib—g„ dee+(l/rv). d€b=gm dec—Zi dibjrp 

(Iff.— ’’p-^m.dec fjtdec . 

i'p~i~ZL rp-^-Zz 

Now from Eq. (6), we have 

deb= — iiZL dcclirp+ZL). 


•••(9) 


...( 10 ) 

, The voltage gain or voltage amplification (A) of an amplifier 
IS defined as the ratio of output ac voltage to the input ac voltage. 


Voltage gain {A)=^ 


dcb 

dec 


— — 


rj)-\-ZL (I+tpIZl) 


-.( 11 ) 


iQf\o negative sign shows that the input and output voltages are 

of the output 

In case the load is pure resistive, lead Zl=Rl and we have 
the voltage gam as 


(l+r,/7?i)’ 

(/) If (or Rl^O), deb^O and also ; {ii) If RL=rp, 

> ^nd (,/7) If Rl~>oo^ Thus the gain changes with 

load resistance. The theoretical maximum gain of an amplifier can 
be equal to the amplification factor of the tube. 

As the changes about the quiescent values are respectively, 

dib=ib—Ib=ip ; decree— Ece=es and deb—€b—Eb=ep, 

Therefore the equation (9) may be written as 

ip=f^esl{rp+RLy ^ ...(13) 

Therefore the potential across the load will be 


€p=ipRL — ~f^e,RL/{rp+RL). 

Voltage equivalent diagram. The Eq. (13) of above 

g ves the current in plate circuit. It can be written as 



analysis 


f^es^rpipA- Rtip, ...(15) 

So, an alternating wltage os in the grid circuit is ft times effec- 

Dlate alternating voltage in the 

. Thus, we can consider the valve as a generator of 


oo 
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alteraating voltage with iDternal resistance rj>, resulting an alter- 
nating current in plate circuit as ip. It is known as the equivalent 
anode circuit theorem. The load impedance (or resistance Rl) is 
connected in series. So the voltage of this equivalent generator ^€$ 
is dropped across rp and Rl- Hence Eq. (15) can be represented by 
a voltage equivalent diagram of the valve. In this diagram (Fig. 3.7a), 
there is a voltage generator with emf (fies)^ Gthe grid, AT the 
cathode and P the plate position. The load resistance Rl is con- 
nected across this voltage generator through plate resistance rp. 
The reference positive polarity and current direction are essential 
parts of the voltage equivalent representation. The transfer 
generator is assumed H-ve at the cathode K. From this diagram 
the current in the circuit is 


ip—fiesl(rp~\-RL), 

so the potential drop across the load Rl and the voltage gain will 
be same as given by Eqs. (14) and (12) respectively. The equivalent 
circuit technique is very convenient in solving complicated circuits. 



Current source equivalent circuit : Equation (15) may also be 
written as 


pes/rp^ip+RL iplrp^ip—epjrp 

or gm e9=ip — Cpjrp. 


This corresponds to a circuit known as current source equiv- 
alent circuit. In this circuit, shown in Fig. 3.7 a current 
source cb supplies two branches. Thus the tube is taken to 
be equivalent to a constant-current source shunted by a conductance 
instead of the potential source with a series resistance. 

Maximnm output power. The ac power output can be given 

^ as 

P«at~ip^ Rl 



pe» 

rp-\~RL 



(p€8)^Rl . 

iRL—rpy+4rpRL 
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Thus the Pout will be maximum, when the denominator is 
minimum, or Rl =rp. Hence the maximum output power is 
given as 

(Pou()maa) = (MV4rp. ..(17) 

The adjustment of Rl—Tv in the circuit is known as //npe- 
dance matching. 

The power gain of an amplifier is generally expressed in terms 
of a logarithmic unit called the decibel^ defined as 

decibel power gain=10 logic {PoutlPinput)=^lO logic Ap, ..-(IS) 

where is the power gain. The bel is a unit ten times larger in size 
than the decibel. 


3.3. INTER STAGE COUPLING IN AMPLIFIERS 


High gain is necessary in most of the applications. As the gain 
due to an amplifier is limited, maximum value is M when 
(when the pure resistive load is considered). It is possible to have 
higher amplificaiions by using more number of amplifier units in 
chain, one after the other unit, in such a manner that the output of 
one stage serves as input for the next stage and so on. This is called 
cascading of amplifiers, and the total amplifier as cascade amplifier. 
If A-i, A^. As, •'•An be the gains of the first, second, third.. . w*'* stage 
of the amplifier unit respectively of the n-stage cascade amplifier, 
then the net gain A of this amplifier will be 




To have coupling between the various stages of the amplifiers, 
the important coupling is with the help of combination of resistance, 
capacitance, inductance and transformer as : (0 Resistance capaci- 
tance coupling, iii) Inductance-capacitance coupling s-ud (Hi) Trans- 
former coupling. Let us discuss these one by one. 

3.4. RESISTANCE CAPACITANCE COUPLED AMPLIFIER 


It is one of the most common and important amplifier circuit 
used for wide band low frequency amplification. In this amplifier (Fig. 
3.8) the input signal es, to be amplified is in the grid cathode 


circuit. The necessary bias 
(operating point) is obtained 

with the parallel arrangement 
ofCfcand The required 

plate potential is obtained 
from high tension source 
H.T. and resistance Rl is 
used as the first load resis- 
tance. The output of the 
amplifier is coupled to next 
Fig. 3.8. stage with C, the coupling 

condenser and Ro, the grid leak resistance. The alternating voltap 
appearing across Rs serves as the input for the next stage, inc 
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voltage amplification is fairly constant over a wide-range of 
frequencies. Let us now consider the function of circuit compo- 
nents. 

(fl) Cathode, self or automatic biasing. The parallel combina- 
tion of a resistance En and a electrolytic condenser Ck provides the 
required negative grid bias voltage. To minimize distortion in the 
output, the amplifier should be operated under class A condition, 
i.e., quiescent pomt or operating point should be adjusted to the 
middle portion of the dynamic transfer characteristic so that entire 
input signal lies only in the linear portion of this characteristic. In 
the absence of input signal es, a steady anode current /& will flow 
through Rk, producing Rk potential across the cathode-load resis- 
tance and provides the necessary grid bias (Ecc) with positive pola- 
rity towards cathode. Now when es is also applied the anode cur- 
rent will vary, to maintain the voltage drop constant, a high value 
electrolytic condenser Ck is connected in parallel with Rk. Since Ck 
offers a low impedance in the path of ac and high for steady current, 
the ac components are by-passed through Ck and the steady or 
average components of current keep the voltage constant. So the 
parallel combination of Rk and Ck gives an automatic biasing also 
known as self biasing or cathode biasing. 

{b) Load resistance (Rl). For successful operation of the 
amplifier circuit an impedance should be used in the plate circuit, 
across which the output can be tapped. The impedance may be a 
pure resistance. This also gives the necessary plate potential through 
the high tension battery. 

(a) Coupling condenser and Resistance. The large vafues of C 
and Rg serve the purpose of coupling between the stages. C isolates 
the grid of the second stage from the anode (H.T.) circuit of the 
first stage for all dc potentials, so also known as blocking c ridenser. 
It offers impedance (I/ojC) which is very small even for low frequ- 
ency of the input, so allow the ac components of its input and pre- 
vents the dc components. The resistance Rg is much greater than 
impedance (1/wC) and load resistance Rl, and is known as grid 
leak resistance. The dc components passed through C, set up a 
signal voltage across the resistance Rg. The grid leak resistance 
also provides a path between grid and cathode of the next stage. 
Without this grid leak path, the accumulation of negative charges on 
grid, as connected on negative side of condenser plate, will make the 
grid negative even beyond cut off, which will stop the operation of 
the next stage. So Rg leaks or offers a path for the negative charges 
accumulated on the condenser plate. As Rg is in parallel with 
the effect of load resistance is also reduced due to its presence. 
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To consider the response of RC coupled amplifier the effect 

due to inter-electrodes capacitance 
is quite important. The ac equiva- 
lent circuit for single stage RC. 
coupled amplifier is shown in Fig. 
3.9. Cin is the input capacitance 
of the next stage, is inter- 
electrodes capacitance, rp is usual 
plate resistance, es is effective grid 
j p potential or input. 

Voltage Amplification. We shall derive the expression for 

the voltage gain for the three frequency ranges of the complete 
audio frequency separately. 



(f) Middle frequency region. As the 
condenser is very large, hence at 
the mid —frequencies the reactance 
offered by it will be negligibly small 
in comparison to Rg. As it is in series 
hence can be neglected in equivalent 
circuit. Also the reactance due to 
other shunt capacitances {Cpk and Cm 
etc.) is very high, these are also 


capacitance of the coupling 



omitted in the i educed equivalent 
circuit (Fig 3.10). Thus the effective 

(Zm) will be due to Ri. and Rg only. 


Fig. 3.10. 

load impedance of the circuit 


• • 



or Zm = 


Ri.Rg . 



The voltage drop across Zm will be the output voltage since 
Rl and Rg are connected in parallel. 

€Q^—}xesZml{rp-\-Zm)y ...( 20 ) 

Therefore the voltage gain of the amplifier in the mid-fre- 
quency region is given by 

Am—eQies^—fxZmjirp+Zm') 


fxRi.Rg 

rpRf^rpRg RtRg 



.• ( 21 ) 


where 



TyRi^Rg 

rp Rj^-\- r ^Rg Ri.Rg 



This expression for voltage gain is independent of frequency, 
hence remains constant for middle frequency variations. 
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(a) Low frequency region. At low frequency the reactance 
-due to coupling condenser (l/a>C) is 
not small hence can not be neglected. 

The reactance due to shunt capacitance 
<7pk and Cin will be high (even more 
than that at mid-frequency), hence 
omitted in the reduced equivalent circuit 
as in Fig. 3.11. The effective load im- 
edance of the circuit (Zi) will be given by 

— — =— — ^ or Z;— (22) 

Zi Rj. '(Rg-JIcoC)^ RL+(Rg-JlcoC) 

If ip is the current in plate cathode circuit then the voltage 
drop at this impedance will be 

er)—ipZi= — [t^Cs/(rp-\-Zi) )Zi. 

If £>0 is voltage output across Rg (to be coupled with the next 
stage), then we haue 



Fig. 3.11. 


/o 

ep 


R 


or Co = 


fiCsZi Rq 


{Rg-jlojCy' (rp+ZO (Rp-jjwC) ‘ 
So the voltage gain at low frequency will be 

^ __£(L i^ZiRg 

e* (rp-\-Zi) (Rg—jjoiC) 

fiRcRg 


•••(24) 


i 


r pRl-\- rpRg~\- RlRq — Jirp-}- Rl) jwC 


•••(25) 


Thus the gain at low frequencies is less than the gain at mid- 
frequencies. It decreases with the decrease in frequency. 


Ai 

Am ^ 

where Reg = 


1 


1 — jjoiCReg * 


...(26) 


rpRL~\-rvRg-\’RLR9 fcRt 


rp'\'RL 


rp~\-RL 


-{“Rg. 


• • • 


(27) 


Letithere be a low frequency fi, at which Rtg^ljonCy z.e., 

fl^ljlTzCReg. 

Putting for CR^g in equation (26), we have 


Ai 1 

Ai 

1 

A,. l-jfilf > 

Am i 

" vLi+ijiim 


and when /=/( 

\AilAm \ -l/V2=0.707=70.7%. -(28) 
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This low frequency /{ at which the gain falls to 1/V2 or 70*7%, 
of its mid-frequency gain, the power is half, is called as the /oner 
cut off frequency of the amplifier. 


(//) High frequency region. At high frequencies the reactance- 
offered by coupling condenser is very small, /.e,, negligible. The 



Fig, 3,12. 


shunt capacitance is low and the reac- 
tance due to these shunt capacitances, 
is also not low, as frequency is high, 
hence cannot be neglected in the 
equivalent circuit (Fig. 3.12). The 
effective load impedance Zh offered 
at high frequencies will be due to 
Rl, Rg and Cg (sum of all shunt 
capacitances in the circuit, e,g,^ Cpkr 
Cin, etc.) and is given by 


i 1,1,.^ ^ 

2 /. ^'''^EL+Eg+jojCgRLRs 



At high frequencies the voltage gain is 



r j ) + Zh 


{j>RlRo 

rvRL+ RtRg+rvRg-Y jwCgRLRgrv 



• ^ L . 

Am \+j<oCgRLRgrvl(rvRL+RLRg-\-rvRg) l+jwCgReo. 


where Req^RLRgrpUfpRL+RLRg+rvRg)* 

The gain at high frequencies is less than the gain at mid- 
frequercy. It also decreases witn increase in frequency due to 
shunt capacitances. Let there be a high frequency fn at 
which ReQ^ljoihCgy i.e,, 

fti—ljlnCgReg, ...(31) 

Putting foxCgReq in the above expression, we have 


Ah 1 I I ^ 

Am - i+jfifn I Am rv[i+(f/An 

and when /=/h. 

\ Ah/Am \ =l/\/2=0.707=70.7%. 

This high frequency fh at which the gain falls to 1/V2or70.7%. 
of its mid-frequency gain, the power is half, is called as the higher 
cut off frequency of the amplifier. 
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Frequency response curre. The variation of gain with 
frequency is called the response curve. It is the characteristic of 
amplifier. The frequency response curve for R-C coupled amplifier 
is shown in Fig. 3.13, At lower frequencies the reactance due 
to coupling condenser (I/ojC) will be finite but decreases with 
the increase with frequency and is negligible in the middle frequ- 
ency region. So the voltage gain is reduced in lower frequency 
region. In the region of middle frequency the gain is independent 
of frequency. In the high frequency region the reactance of 
coupling condenser is negligible but the shunt capacitance gives 


r-equency' Middle frequency | High frequency 



rar>ge 



ronge 


Lower holf power 
/ frequency 

W 4 


Upper half 
power 
frequency 


100 1000 f2 10000 

Frequency *n C/^ 


Fig. 3,13. 

a small reactance which is effective. With the increase in frequency 
the shunt reactance (l/ojCff) decreases, which reduces the gain. To 
increase the middle frequency region, /i is lowered and /a is increas- 
ed by selecting suitable circuit components. To further increase 
the gain in the middle frequency ranges the pentode valve is suitable 
since it has high amplification factor, a low plate resistance and 
very low interelectrode capacitance in comparison to triode valve. 

The advantages of this type of amplifier circuit are : (i) The 
1 o'^erall amplification is generally higher than can be obtained with the 
other coupling methods^ {ii) It has uniform response over a wide 
range of frequencies, {Hi) Its parts are low in cost and require very 
little space, and (iv) As there are no coils and transformers in the 
circuit, the amount of nonlinear distortion is minimum. It also suffers 
with a few drawbacks ; this amplifier is not suitable to amplify the 
higher frequencies and also much power is drawn from high tension 
battery, so it has low efficiency. 

3.5. IMPEDANCE COUPLED AMPLIFIER 

To eliminate the high voltage drop between the high tension 
battery and the plate of the tube the coupling resistance in the 
J?C-coupled amplifier is replaced with an iron core choke of high 
inductance and low resistance. Such an amplifier is called impe^ 
Aance or inductance capacitance {LC) coupled amplifier. The voltage 
across the coupling impedance will be small as its dc resistance is 
very small. The circuit diagram is same as shown in Fig. 3.8, 
except the inductance L in place of Rl. 


86 


Electronic 


The impedance ofiFered by the coupling coil L to the signal' 
current depends on its inductance and the frequency of the signaL 
To obtain high impedance at low audio — frequencies, L is made as 
high as possible. In G/-amplifiers L ranges from 10 to 800 henrys. 

Voltage amplification. The method of determining its 
voltage amplification is similar to that used for the /?C-coupled 
amplifier circuit. The circuit characteristics are again observed at 
the low, middle and high frequencies of the audio-range. The 
equivalent circuit diagrams for these ranges are shown in Fig. 3.14. 
At the low and middle frequencies, the reactance of the 
shunting capacitance Cg is very high as compared with Rg and can 
thus be neglected. At the middle and high frequencies the 
reactance of the inductor L is much greater than Rg and can thus 
be neglected. 



(a) (b) (c) 

Fig. 3,14. 


Low frequency region. Using Fig. 3.14 (a), we get 

jioL{Rg-jloiC) 

The voltage drop at this impedance 
ep=ivZi — [— y^€sl{rv-\-Zi)'\Zi. 

Therefore the voltage output across Rg 

Rg fxesZiRg 

(rp+ZiK^J/wC) 

The voltage gain at low frequency is thus given as 





ykRg.joiL 

rpRg + LlC-\-j\oiL{r v-\- Rg) —rpj wC\ 



The voltage amplification decreases because of the reduction 
in the value of Xl {—ojL) shunting the load and the increase in tne 
value of Xc (*=l/ajC) connected in series with Rg. 


i 
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Middle frequency region. Using Fig. 3.14 {h), wc get Zm = R9 
and the out put voltage 

eo = — pCsRfKrp-^-Ro). 

Voltage gain i4m=^o/£«== + ...(37) 

Thus the voltage amplification of the circuit at the niiddle 
frequencies is dependent largely upon the resistances in the 
circuit because the effects of all the reactances are negligible at 
these frequencies. 

High frequency region. Using Fig. 3.14 (c), we get, 

1 1 ^ 7 

Zh Ro {‘TJojCsRs 


Voltage gain = 


— mZa ~tiRa 

rj^-^rZiK rp-\- R9-\-joiCgrvRa 



Thus the voltage amplification at high frequencies decreases 
because Xc [=\lwCg] becomes relatively low at these frequencies. 


Frequency Response Curve. The analysis shows that the 
frequency response is generally similar to that for the i?C-coupled 
amplifier except that the flat region is narrower and at greater 
height. The decrease in gain is greater at both low and high fre- 
quencies than for /?C'Coupled amplifiers. This decrease at low 
frequencies is due to the relatively low value of impedance of the 
coupling coil. At high frequencies, it decreases due to the relati- 
vely high value of Cg. 


3.6. TRANSFORMER COUPLED AMPLIFIER 

The coupling between two successive stages of amplifiers, 
through a suitable transformer, increases the gain of the amplifier. 
An untuned, iron core, step-up transformer is used for coupling the 
stages for audio frequency ranges. Such a tran‘-former used for 
coupling of the output of one stage of a cascade amplifier To the 
input of the next stage is called inter stage transfurmer. 

The circuit arrangement of a transformer coupled amplifier is 
shown in Fig. 3.15. This is usually operated under class-.^ condi- 
tion. It is obvious from the circuit diagram that the successive stage 
(or grid) of the amplifier is isolated from the H.T. of the previous 
stage due to this coupling. The primary winding pp of the step-up 
transformer [T) connected in the plate circuit of the first stage and 
the secondary winding s to the grid circuit of the next stage. Since 
the primary has high inductive reactance and low dc resistance, so 
practically very small drop in potential will exist over the resistance 
of the primary. This low dc potential will be sufficient to operate 
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the amplifier. Also by operating the tube at high plate potential* 
higher amplification will be obtained. Since the transformer is 
also step up (say ratio \ : n) so the output voltage of the first stage 
will be stepped up by the transformer ratio*(w) times (practically 
nmax=^3). The gain of amplifier will be the product of amplification 
factor of the tube and transformer ratio, 



Voltage Amplification. The equivalent circuit of Fig. 3.15 
is complicated. To make it simple to solve we assume that : (/) 
Resistance due to eddy current loss is negligibly small in comparison 
to the resistance of the primary of the transformer, (//) Input resis- 
tance of the next stage is very high. Its effect is negligible as it is 
in parallel with the secondary. (»/') Distributed capacitance of the 
primary winding of the transformer is negligibly small in comparison 
to the capacitance reflected from the secondary to the primary. 


The equivalent simplified circuit is thus obtained as shown in 
Fig. 3.16. 



Fig. 3.16. 

In this circuit Rp and Rs are the effective resistances of 
primary and secondary windings respectively and Lp and Ls 
the respective leakage inductances. Lm is the magnetising induc- 
tence of primary and C< is the input capacitance of the next stage. 
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Let us now consider the performance of the amplifier for low 
middle and high frequency ranges. 

(j) Low frequency region. In this region of frequency the reac- 
tance of input capacitance of the second stage is so high that it 
constitutes open circuit and hence can be omitted. The current flow- 
ing through Rs/n^ and Lp+Ls/n® is negligible, so the voltage drop 
across them may be neglected. The equivalent circuit is reduced to 
that shown in Fig. 3.17 (a) The plate current ip is given by 

ip— — tJtes i/[(rp+ i?p) +Jo}Ljh]. 


Voltage across Lm=Jo>Lmip— — l^esxJoiLml[{rp-\~Rp)~^Jo^Lm)* 



This voltage must be equal to the output voltage Csjn, hence 


Voltage gain Ai 


— fMe»xja)Lm €$2 

{rp-{'Rp)-i-j(x>Lm ^ 

— UnjwLm 




£52_ 

e«i (rij4-i?p)+ywLm \—j(rp+Rp)loiLm 


Its magnitude 1 + ^ 


Rp 


wL 


m 


yrv. 


and phase angle ^=tan ^{irp-\-Rp)jo>Lm. 

If we define fi as Ij^fiLm—rp+Rp^ then 

^,=W[l+(/!//W -(40) 

Hence f is known as lower half frequency. 

(ii) Middle frequency range. This frequency range starts from 
frequency /i upwards. In the middle frequency range the frequency 
is large enough to make reactance wLm quite large so that it may 
be omitted and the reactance offered by Ci is so high that it can 
be regarded equivalent to an open circuit and may also be omitted. 
The equivalent circuit thus reduces to as shown in Fig. Z.\l(b). 
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In this range practically no voltage is lost, hence 
Voltage gain Am= ^ = — un. 

esi 


...(41) 


elfectf nf '■anfc. In this region of frequency the 

cannnt Ko shunting capacitances and the leakage inductances 

its hioh r can be omitted on account of 

3 17(cf The equivalent circuit thus reduces to Fig. 

The plate current is given by 


Ip— 


nesi 


or 


(rp+Rp+R,ln^)+j [co{Lv+L,/n‘‘) - 1 /toCTf 
•. Voltage across Ci=iplJa>Ci=e,i/n (output) 

_ 

^rp+/ip+Jis!n^)+J[ojiLp-i-L,/n^)-l/c^Ci] 

—f^nljcoCi 


n 


/. Voltage gain 1 

*..(42) 

On account of the reduction of reactance and increase 

ot reactance <o{Lp-hLs/n^) at high frequencies, the voltage gain 
decreases. The gam is maximum, when o,(Lp-\~Ls/n^) = l/<oCi, or the 

frequency ffi=-l/27i[{Lp+Ls/n^)Ci]^'^ 

At this frequency the voltage gain 

“ h^lj<^C%{rp Rp-\-Rsjri^), . . . (43)' 

Frequency response curve. The variation of voltage gain with 
irequency, a characteristic of the transformer coupled amplifier, is 
shown in Fig. 3.18. When the frequency is low, the effective^impe- 
dance (proportional to frequency) of the primary is low, hence gain 
falls with the decrease in frequency. The gain is constant for a 

small range of middle fre- 
quency. At higher frequen- 
c es the distributed shun- 
ting capacitances of the 
t-ransformer windings, the 
inter- electrode capacitances 
of the tube and also the 
leakage inductances of the 
primary are the factors due 
to which the gain falls 
rapidly. These shunt capa- 
citances and leakage induce 



Fig. 3.18. 
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tances act as a series resonant circuit at high frequencies, so there 
exists a particular resonant frequency (/o) for the circuit. At this 
resonant frequency a peak is observed in the response curve. To 

obtain fairly uniform curve, Le., to reduce the height of the peak 

the secondary resistance is increased- 

Beside the above characteristics of the transformer coupled 
amplifier, this coupling is generally used for obtaining the impe- 
dance matching between the stages and also by using a centre tap- 
ped secondary. This is used as phase inventor in pushpull-amplitier. 
But the stray magnetic leakage effects, weight and high cost for the 
suitable transformer are the few disadvantages of this coupling. 

3.7. DISTORTION IN AMPLIFIERS 

The output of an ideal class-A amplifier should be of the same 
waveform as the input. It is expected that (i) the output should 
have all the frequencies which are contained in the input, 00 the 
relative change in amplitude of various output components must 
be equal and (///) the relative phase-change in all output compo- 
nents must be equal. Any difference between the input and output 
waveforms of frequency, amplitude and phase, is termed as distor* 
tion in amplifier. It exists in output due to the amplifier tube 
itself or due to various circuit elements in the circuit. These are 

classified as : 

(/) Amplitude distortion. From the dynamic characteristic 
of the valve we know that for the grid signal falling within the 
straight portion of the cha- 
racteristic, the output will 
have linear amplification. 

On the other hand the in- 
put signal falling out of the 
straight part will have diffe- 
rent amplification (or flat- 
tened), Fig. 3.19. This 
causes amplitude distortion 
and also gives new frequen- 
cies in output which are 
not present in input. Simi- 
lar non-linearity will be 
produced if the tube is 
operated under improper 
grid bias. If due to the 
grid bias, the grid becomes 
positive for any part of the 
input, grid will derive some 
grid current which will 3J9. 

distort the output. If the input signal is too large, either half or both 
halves of the output signal may be distorted. 
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curve of th?Se°Vh^® non-linearity of the dynamic characteristic 

ted af frequency. The current may thus be represen- 


9 


ip — a + + C €s^y 


...(44) 

of the signal and b, c, 
is a sine wave of the 


...(45) 


where a— / q— anode current in the absence 
form ^o'lstants. If the input wave 

Cs—Eqs sin wt 

• . ip=io+bEQ8 sin ojt +cEqs^ sinW 

—io~\~ I^Eqs sin a>r+ “2 ^ E!qs^ (1 —cos 2a>f) 

^Uo+icEos^) +bEoB sinoit+icEos^ sin (2a)/— Tr/2) 

...(46) 

Thus we see that 

(/) The steady component of the anode current increases by 
an amount icEos^ 

UO Ja addition to the wanted (fundamental) signal there is a 
termJc^osS sjQ ( 20 )/— 7c/ 2) which is the second harmonic compo- 
nent of the plate current displaced by an angle of 45® from the 
fundamental. 


The degree of distortion produced by an 
as the ratio of the second harmonic amplitude 
and is also known as coefficient of second 

A. 


amplifier is defined 
to the fundamental 
harmonic distortion 


A% = 


_ icEos^ 


b El 


o« 


X 100% = 

0 


...(47) 


Thus the percentage distortion can be calculated if the cons- 
tants b and c are obtained from the dynamic characteristic, as 
■follows : 


when a)/=0, h={iv) m«an=/o=a 

O)/ = 7t/2 , ip ■=:s(ip)maX = Iq + bEoi + cEqs^ 
a)/=37c/2, ip=(ip)min=iQ — b Egs-hc Eqb^. 

From these equations, we get 

(ip)ma» — {ip)min = 2bEQ$ 


...(48) 

a 

...(49) 
. . . (50) 


•( 51 ) 
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and 


.*• ^2%“ 


(/p)moi"i" (/3?)min”“2/Q — 2c Eqs^^ 
{ip)m<UB’'\~{ip)min — 2lo 


- X 100%. 


•• 


•( 52 ) 


•••(53) 


2 [(ip)maX— (ip) m\n\ 

This equation holds only when the ip is related to the applied 
grid voltage by equation (44). 


The non-linear distortion can be reduced by proper selection 
of grid bias, /.e., both the selections of linear portion of characteris- 
tics and —ve grid bias only. In many cases both situations may 
not be possible to observe then other proper circuits, viz , feedback 
circuits^ etc., remove the possibility of such distortions. 


(//) Frequency distortion. When the amplification of different 
frequencies of input are not equal, there exists frequency distortion 
in the output. This type of distortion is mainly caused due to 
various reactive elements in the circuit, viz,, inductance, capaci- 
tance, etc. The response curve of an amplifier gives the variation 
of gain with frequencies, the gain decreases at low and high fre- 
quencies. If the curve is horizontal only, then there will be no 
frequency distortion. To decrease this distortion proper selection 
of the circuit elements is essential or the limited range of frequency 
should be reproduced by the amplifier. 

(//7) Phase distortion. When the phase difference of differ- 
ent frequencies of the input are not maintained at the output, there 
exists phase distortion. The various coupling reactive elements, 
viz., inductance and capacitance, etc., cause phase change in the 
output, as the phase change between current and voltage depends 
upon the frequencies and is not constant for all frequencies. In 
the audio-frequency region this effect is not important, since this 
effect is not perceptible to human ears. This effect is very impor- 
tant at video frequencies, viz., in television, etc., where the opera- 
tion is a function of wave-shape. 


3.8. FEEDBACK AMPLIFIERS 

When a portion of the output energy (voltage, current) is 
derived back to the input circuit, this process is called as feedback. 
This process makes the input dependent on the output of the ampli- 
fier and also controls the output. When the feedback energy is in 
phase with input signal and aids it, it is known as direct, regenera- 
tive ox positive feedback. In this case the gain of the amplifier is 
increased but the range of the uniform amplification is reduced. 
Due to this process the distortion and noise in output is increased 
and also the stability is reduced for the variation of input voltage. 
If this feedback energy is enough the process is used as an oscilla- 
tor. When the feedback energy is 180° out of phase with the input 
signal and thus opposes it, it is known as degenerative or negative' 
feedback. In this case, the gain of the amplifier is reduced but the 
range of the uniform amplification is increased. This also increases- 
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Output 




Fig, 3.20. 

input circuit. The factor is defined as 


the stability of the amplifier. 
This process reduces all ampli- 
tude, frequency and phase dis- 
tortions and also noise in the 
output, 

The basic principle of the 
feedback amplifier can be given 
on the basis of the Fig. 3.20, 
Let gain of the amplifier in the 
absence of any feedback is A. 
A fraction of the output 
(Co) is derived back to the 


Q_ Voltage feedback^ 

Output voltage^ ‘ .-.(54) 

If t’o' be the output voltage of the amplifier with the circuit. 
Thus the actual input at the amplifier is equal to the sum of original 
input and feedback voltage. 


^/=cs + peo'. ..(55) 

This will be amplified A times by the amplifier, hence 
eo'=A(es-h^eo') or eo' =Aes/(l—A^). 
eo'les = A/^AI(l—A^). ..,( 56 ) 


Af is the gain of the amplifier with feedback. Thus due to 
feedback the gain A of amplifier is changed by a factor 1/(1— A^). 
The term is known as return ratio, loop gain feedback factor or 
loop transmission. In most of the circuits A and p both are of com- 
plex nature and are functions of frequency. Following cases are 
possible on the basis of Eq. (56) : 

(0 If I 1 — A^ I <1, will be greater than A. This is the 
condition for positive feedback. 


(/7) If I 1 — A^ I =0, Af will become infinite, which means 
that-output will be obtained without any external input. This is the 
condition of oscillator. 


(Hi) If I 1 — A^ I >1, Af will be less than A and Pcp' will 
decrease the input voltage €s. This is the condition of — ve feed- 
back. 


(iv) If or Af=—A/A^= — [/?>. 


This condition of large — ve feedback gives that the amplifi- 
cation depends on feedback circuit only. If p is independent of 
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frequency, then gain A/ will also be independent of frequency and 
also of the tube parameters, supply voltages and other variations 
(which result in high stability of amplifier). So the gain is entirely 
controlled by the nature of feedback factor (P). Since the feedback 
network is generally resistive, the feedback and gain both are inde- 
pendent of frequency. 

Advantage of Feedback Amplifiers. (/) The non-linear and 
phase distortion will be reduced by — ve feedback in the same 
manner as noise and hum. (//) As p is generally independent of 
the frequency the variation in the gain due to changes in frequency, 
/.e., the frequency distortion, will be reduced when — ve feedback 
is used, (n) The stability of an amplifier can be improved by using 
— ve feedback. 

Limitations of Feedback Amplifiers, (i) The increase in the 
feedback factor causes an increase in the proportion of the out- 
put voltage that is returned to the input. It thus decreases the net 
voltage amplification of the circuit (//) The feedback voltages are 
not exactly 180^ out of phase with the input signal in case of — ve 
feedback amplifiers. Such a phase can be obtained in three stage 
amplifiers. 

The feedback circuits are mainly of three types : (1) Current 
feedback circuit in which the voltage feedback from the output of 
the tube is proportional to the current through the load, (2) voltage 
feedback circuit in which the feedback voltage is proportional to 
the voltage across the load, and (3) compound feedback circuit. 

Negative Voltage Feedback Circuit. The Fig. 3.21 shows the 
negative voltage feedback 
circuit in which a fraction 
of output voltage is fed- 
back to the input. Ri—R^ 
is potential divider and the 
voltage across is fed back 
to the grid circuit. (Ri+R^) 
resistance is high so the 
potential across these will 
be equal to the output (^'o) 
of amplifier. The voltage 
between the grid and . Fig, 3.2L 

cathode after the feedback w^l be 

ec^e.+R^eoKRi+Ri). -(57) 

This gives the value of feedback fraction (B) as 

...(58) 

The gain of the amplifier without the feedback is given by 

A = —nRllrp-^-R). -(59) 
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The reactance of the condenser C is negligible at the freauencv 
of operation. ^ 


The gain of the amplifier with the feedback is given by 
^ ^ —f^R/{rp+R) 


^fj'R [At/(l+AP)]/g 

rpl{l + fj.^)+R 

rp'-j-R 


...(60> 


This equation shows that with the feedback the amplification 
factor /X is reduced to ^'=^/(l+pyn) and the dynamic resistance rp 
to rp This maintains a constant voltage gain for grea- 

ter extent with the change in the load resistance. 


In an amplifier, the amount of feedbackr for the constant 
input is expressed in decibels (db) as 

db feedback=20 logic (^oV^o). « (61) 

3.9. CATHODE COUPLED AMPLIFIER (CATHODE 
FOLLOWER) 


In this type of amplifiers the signal is applied between the 
gnd and grounded cathode and the output is taken from across the 
unbypassed resistance Rk in the cathode circuit. The plate is 
connected either directly to H.T, battery or through resistance 
Ri' A bypassed condenser C 2 of large capacitance is used to ground 
the plate to ac signals. When the input signal is +ve the plate 
current will increase and thus the output voltage across the cathode 
resistor Rk will increase. Due to this reason the cathode coupled 
amplifier is named as cathode follower. The +ve signal to the input 
increases the voltage across Rk and makes the cathode more 4*ve 
with respect to the ground, or grid more — ve with respect to the 
cathode. It is opposite to the effect produced by the original +ve 
signal, hence this circuit is known as a degenerative feedback, in- 
verse feedback or — ve feedback amplifier. 

In order that the signal voltage may produce change in plate. 



Fig. 3.22. 
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current, the output voltage can never equal or exceed the 
voltage, or the voltage amplification is always less than unity, me 
equivalent circuit 3.22 (right) shows that 

ip(r,+RK)= ixe.'=iM{e,—Vo) = iMie.-URs} 



ti€t (f,r\ 

''= t^+Rk+JRk = r,+RK(\ + y.) ’ 


F„ iv . R/c 

Voltagegain/l= — = — 



As the denominator will always be greater than the numerator, 
hence A is always less than 1. The higher values are for p. and Kk, 
the closer the voltage amplification will approach unity. 

At this stage the cathode and grid rise and fall together in 
potential by equal amount justifying the name cathode follower. 

The expression for current may be written as 

* _ [m/( i • 

This shows a simple amplifier circuit with the equivalent 
potential 

and the effective internal impedance 

Ztf=rpl{\ + m )* 

/. Output terminal impedance 

[rpd ^ 

rj3/(H-/x)+V?>c gm 

Circuit Characteristics. (1) The voltage amplification is less 
than 1, (2) It has very low input capacitance, very high input 
impedance and low output impedance, (3) It has low 'alues of 
amplitude and frequency distortions, (4) It has uniform ficqucncy 
response over a very wide frequency band, (5) It has no phase 
inversion, (6) It can supply relatively large signal currents to low 
impedance loads and can handle high input voltages without over- 
loading, (7) It has good circuit stability. 

Applications. (1) The cathode follower circuit can be used 
as an impedance changing or impedance matching device. (2) As 
it provides a more uniform response over a wider frequency range 
than a transformer coupled amplifier, hence is used in place of a 
Transformer. (3) It is used as a power amplifier with less distortions. 


...(64) 

...(65) 

...( 66 ) 
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3.10. POWER AMPLIFIER (CLASS A PUSH PULL AMPLIFIER) 

Power amplifiers are used in both a-/ and r-/and are classified 
according to the operational frequency as ; afpower amplifiers, 
and r-f power amplifiers. These amplifiers can be subdivided accord- 
ing to the manner in which the tube is operated (such as class A, 
class B, etc.). The tubes used as power amplifiers are operated 
singly, in parallel or in push pull depending upon the amount of 
output power required. Power amplifiers are similar to voltage 
amplifiers in construction and operational principle. Dissimilar to 
voltage amplifiers the power amplifier tubes are operated with a 
lower value of plate load impedance as ; (/) rp is lower, (//) larger 

output power is required, and {Hi) power output is the paramount 
factor. 

In push pull arrangement two identical tubes are connected 
as shown in Fig. 3.23. The grids and plates of the two tubes are 
connected respectively to opposite ends of the secondary of the 
input transformer and the primary of the output transformer. The 



Fig. 3,23. 

secondary of the input and the primary of the output transformers 
are connected at centres through the point connecting the cathodes 
of the tubes. This connection is known as balanced circuit and 
thus amplifier is also referred to balanced amplifier. At any 
instant of time the ends .<4 and 5 of an input transformer are of 
opposite polarity. Hence €si and es.^ will always be equal and 180® 
out of phase with each other. If the end A is +ve, the end B 
will be negative. The grid of will then become 4-ve and thus 
causing an increase m plate current through section EG of the 
primary of the output transformer. The grid of ^comes more 
— ve causing the plate current in section EG to decrease. As the 
tubes are identical and the changes in their grid voltages are equal, 
the variation in the plate current will thus be equal but 180° out 
of phase v/ith each other. Thus we see that one tube pushes current 
through one-half of the primary of the output transformer while 
the second tube pulls an equal amount of current through the rest 
half, hence the name push pull. 
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If the signal input is zero, the plate currents fpi and hz are 
equal and flow in opposite directions in EG and GF circuits. If 
ac signal is applied to the input hence to the grids, the plate 
current in one tube increases while decreases in the other tube. As 
both tubes operate over more than the linear portion of their 
dynamic curves, the plate currents are distorted, mainly due to the 
second harmonic. The phase relation of the second harmonic 
produced by each tube is such that they cancel each other in the 
output transformer. 

The output transformer along with load 
resistance Rl is equivalent to a resistance 
Rp— {2NjNz)^ where is the number of 
turns in the each half of the primary of the 
output transformer and Nz that in its second- 
ary. The equivalent circuit of the amplifier 
thus have generator voltages and internal 
impedances as the sum of the individual tubes. 

Therefore the plate current 



Fig, 3.24. 





Hence the total power delivered to the load 

Pi (2NjNz)^Ri. 


4 


Pc 






It will be maximum when r}}-2{NilN^^R'L, i.e., the plate to 
-plate load impedance is equal to twice the plate resistance of one 
tube. 



and 


ij),mae = fJLCsl2rp. 


...( 68 ) 

...(69) 


Advantages. (1) It is possible to obtain more than twice the 

power output of^ single tube amplifier by using two similar tubes 

in push pull. (2)^he magnetizing effect of the dc on the iron core 

of the output transformer cancels out hence the average plate 

current may have any value. (3) The ac sum of this amplifier is 

very small. (4) It is more U:eful to use two small tubes in push 

pull rather than one large tube. (5) Pentodes and beam power 

tubes in push pu 1 have high third harmonic distortion than the 

triodes for comparable conditions and low second harmonic 
distortion, • 
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3.11. NOISE IN AMPLIFIERS 


In addition to the desired signal, the output of an amplifier 
generally has random variations which are called noise. In radio 
reception, noise is noticed as a hiss and in television as snow. Noise 
places a basic lower limit on the signal levels at which a device 
or an amplifier may operate. Noise has no specific frequency and 
is distributed over broad frequency bands. It is said to be a white 
noise if distributed uniformly over all frequencies. For use in 
comparison of the noise, a term noise figure {N F.) is used, which 
is defined as the ratio of the signal-to-noise power at the signal 
input to the signal-to-noise power at the output of the device, U., 





Noise in electronic circuits and devices is introduced by 
several phenomena : 

(1) TheTntol noise . Thermal noise is developed by the ran* 
dom thermal motions of the charge. It depends upon the tempe- 
rature. The thermal noise voltage due to a resistance R is given 
as 


F'r.A'.= V AkTRAf, 



where k is Boltzmann’s constant=1.38x ioules/°A' r is tem- 
perature m a: and A / is the frequency band in hertz over which 

the power is measured. 


1 reduce thermal noise the operating temperature should be 

lowered and the band width should be made as small as possible. 

(2) Shot noise. Shot noise is due to the random nature of 
charge of the emitted electrons from a cathode. This noise may 
be reduced if the tube operates under space charge limited condi- 
tions. .Shot noise is uniformly distributed throughout the useful 
irequei cy spectrum. This tube noise may be expressed in terms 

ot resiftor. The approximate expression for this resistance for 
triodes is given by 

EeQ~2.5/g,„. ...(72) 

Gas noise. Gas noise is produced by the random current 
di^sturbances, when the positive ions produced due to the ionization 

ot the remaining gas in the tube penetrate the space charge. It is 
not appreciable above lOAfc/sec. 

(4) Partition noise. Partition noise is caused due to the 
irregular division of current between the various electrodes. Thus 
the noise is greater in pentode. 
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(5) Contact noise. Contact noise is developed by poor or 
intermittent electric contact, such as from dirty or damaged switch 
contacts, terminals, leaky condensers, faulty resistances, etc. 


(6) Microphone noise. This noise is produced due to the 
mechanical vibratjon of parts of circuit. When the valve is struck, 
its electrodes vibrate, their relative positions change and the anode 
current varies which produces noise. 

(7) Hum. Hum is the extraneous output voltage produced by 
the associated or adjacent power circuits. It is produced (0 due to 
ac. present in the d.c. plate supply (H.T), [ii) through the inter- 
electrode capacitance between cathode and grid when directly heat- 
ed filament operates with a.c,, and {Hi) by the pickup due to stray 
electrostatic and magnetic fields produced by adjacent power leads. 


3.12. VACUUM TUBE VOLTMETER 

As the voltmeter resistance is not infinite, it must draw some 
power from voltage source to move the needle and thus will prO“ 
duce error in observation To avoid this error a vacuum tube ampli- 
fier is used, the resulting device is called a vacume tube voltmeter 
VTVM). The circuit of a simple vacuum tube voltmeter and the 
variation of plate current with the grid voltage for a typical vacuum 
triode are shown in Fig. 3.25. This characteristic curve shows that 
the voltage applied between the grid and the cathode controls the 




Fig. 3.25. 

current through a meter and is negative always with respect to the 
cathode. If the meter is to indicate zero volt at the left, it is neces- 
sary to add a bias voltage in series with the unknown voltage. 
The bias voltage is negative and is adjusted to get no flow of 
current in the plate circuit when unknown voltage is zero. This 
circuit has limited range of input voltages, is nonlinear at the ends 
of the characteristic and once calibrated requires that the tube 
should maintain constant characteristics. These limitations can be 
overcome by more complex circuits. 
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As stream of electrons pass through the grid, some elecirons 
are collected by the grid. If these electrons are allowed to accumu- 
late on the grid, their negative charge would change the grid poten- 
ual. lo return the electrons to the cathode a resistor R is placed 

in he circuit between the grid and the bias voltage. The resistance 

IS quite high and in most VTVM'% is 10 megohms for all voltage 
ranges. ° ^ 


VTVM is the most widely used instrument for making me- 
asurements at radio frequencies. In one type of VTVM the 

% voltage to be measured is first rectified by a peak type 

10 e e ector and then amplified by a dc amplifier. Such an ar- 
rangement measures the peak amplitude of the positive half cycle& 



Fig, 3.26. 

of i 00 I ’Sjiseful for frequencies up to the order 

of 100 to 500 Mcl%ec. In another type, the alternating voltage to be 

measured is first amplified by a wide band amplifier stabilized by 
Save rectified by a half wave or fuU 

of the wave. The sensitivity is greater than for the previous type. 
It can measure ac voltages as small as a few microvolts. The fre- 

SabouUO yc/ssr"''’ "" 

Many VTVM's also measure resistance using the simnle 
Circuit for an ohm-meter. ^ 

the VTVM in operating position. 
Before turning on, check whether meter reads zero or not. If not 

turn carefully the set screw on the meter face. This adjustment is 
required very infrequently. Now the VTVM is on. Set the function 
selector switch on the dc position and wait to get the meter needle 
in steady position. Adjust the meter zero with zero adjust control, 
inis adjustment is required frequently. 

Exercises 

Example 1. The amplification factor of a triode is 100 and its 
anode resistance is 20 kilohms. If the load resistance is 10 kilohms 

and the input signal voltage is 0,4 volt, calculate the output signal 
voltage and the voltage amplification factor. 
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The voltage amplification factor ^4 of a triode is given by 

A~~~ pRi.j^R'L-^rp), 

In this problem, the amplification factor of the triode ^=100, 
the anode resistance rp=20xl0®ii and the load resistance 
jRl=10x Therefore 


A^- 


100x10x103 


-100 


10x103+20x103 


= -33.3. 


It is equal to the ratio of the output and input voltages. Hence 
Ko/F.=-4 = 33;3. 

or the output signal voltage Ko=0.4x 33.3=13.3 volts. 

Here the negative sign has been ignored as we are concerned 
with the magnitude only. This negative sign represents a phase 
change of tc on amplification of the input signal. 

Example 2. A basic amplifier makes use of a triode of im = 1 0^ 
rp—IOkSii. This triode is replaced by anode triode of rp=25kS}»< The 
voltage gain of the amplifier remains unchanged. Find p. of the second 
triode. The load resistance in each case is 20k SI • 


The voltage gain of the amplifier — pRilirp-^-RL). 

For the first triode = — 10 x 20x 103/(l0x 103 + 20X 103) 

For the second triode 20x 103/(25x 103+ 20X 103) 


-20/3. 


=-20/x 2/45. 
In this problem Ai^A^^ 

—20/3 = — 20 ^ 2/45 or 




Example 3. Calculate the triode constants if the voltage gain 
to the load resistances of 10 and 10 kSl be 5/3 and 201? respectively* 

The numerical value of the voltage gain of the triode 
A=PRL/{rp-\-RL). 

There are two cases : 


(1) A — 5jlt when i?L=10 KSl* 

5 _f^X 10x103 . 

3 ry+ 10X103 

(2) ^=20/7, when i?L=20 kSl. 

20 _ /iX20xl03 . 

7 rp+ 20x103 


.. (0 


• • 




104 Electronics 

From these equations, we get 
rp=50x 103=50 kSl 
and ^=10. 

As gm=filrp, hence gm=^ 10/50 x 103 =2 X 10"< mho. 

Example 4 A resistance of 5 kSl is connected in the anode of 
a triode whose plate resistance is 20 kSl. For a given alternating 

voltage applied to the grid, the alternating component of the anode- 

cathode voltage is unaltered when the valve is replaced by another 
having an amplification factor twice that of original value. Find the 
slope resistive of this second valve. Find also the value of ac voltage 
to be applied between grid and cathode to get ac power output of 2 
watts across the load in each case, if p of first valve is 10, 

Amplification gain A^ — p^Ridirv+RF), 

As the amplification gain is the same in both the cases, hence 

__ Atx5000 2^4X5000 

20000 + 5000 rp^ 5000 * 

Slope resistive of the second valve rj)=45000 ohms, 
ac power across \o^d = PL^Ip^RL=[pesl{rp'hRL)YRL. 

Hence for the first valve, we have 

or €3 = 50 volts. 

For the second valve, we also get €s=50 volts. 

Example 5. Calculate the voltage gain of the grounded grid 
amplifier. Find the output and input impedances. 

A grounded grid or cathode input amplifier and its equivalent 
circuit are shown in Fig. 3.27. In this circuit the grounding of 
the grid reduces the input capacity to Cgk and the output capacity 
to Cgp. We are not taking these as both are very small. Since 
plate current flows through the input source €$, its internal resis- 
tance R is important and is included in the equivalent circuit. 
Applying Kirchhoff’s second law, we get 

pegA'Cs—it) (rp+i?+ZL)=0 

and es+/6/?=0. 

Solving these two relations, we get 

/6 = (/i+l) es/[rp+(^+l)^+Zi]. 
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Since the load voltage rise e.=-/6Zi, and 
^ents a negative rise of voltage above the common terminal, hence 

4he voltage gain. 



(a) (*) 

• Fig. 3.27. 

This result shows that (/) there is no phase reversal in the 
circuit (//) tube appears to have an amplification factor (^+1), {in) 
:and an internal resistance or eflTective plate resistance 

rp'=’rp+(/x+ 1) i?. 

This is the output impedance of the amplifier. As 

Hence the input impedance of the tube alone is 
Zin — {rv+ZL)l ( m + !)• 

Thus the circuit steps down the total impedance of the plate 
^circuit by a factor (/i+1). Hence the main feature of the circuit 
is a step-up impedance ratio, from low input to high output impe- 
-dance similar to a pump which lifts water from a low pressure system 
tola high pressure system. 

Example 6. A triode valve requires abiasof—12V. At the 
usual mean operating potential the anode current is 6.6 mA. ^ What 
value resistor is necessary between H.T. and L,T, to achieve this bias 
and what is a suitable bypass capacitor value if the lowest frequency 
■concerned is 100 cjs ? 

Bias resistor value can be readily obtained by the Ohm’s law 
■as 

i?fcX6.6xlO’‘®=12 or jRfc=18l7=1800il (Approx.) 

To calculate Ck, the capacitance required, a simple working 
xu\e is to consider that the reactance in ohms should be not more 
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than 0.1 Rfi at the lowest frequency. 
Ck is given by 


Thus the 


li 


4 

inimum value of 


\l<oCi~0.\Ru or 

^ _ 10 _ 10 
^ 2nfRk 2x3.]4xl00x 1800 “^^-^‘ 

Example 7. We want to design an R—C coupled amplifier by 

resistance is lOkSii and amplification factor 
Ihe load resistance used in the plate circuit is also 10 kSl, If the 
voltage gam desired at middle frequency is 9.9, calculate the value of 
grid leak resistance for the next stage. What should be the value of 
coupling capacitor so as to have the lower half power frequency of 10^ 


The voltage gain of i?-C coupled amplifier at mid-frequency 

~ P- RlRqI {r pRl ~|- r pRg -j- R^Rg). 

Substituting numerical values, we get • 


or 


9.9= 


20 X 10,000 


10,000 X 10,000+ 10,000i?ff + 10,000i?f 


Grid leak resistance i?(7=495,000 ohms. 
The value of lower half power frequency 


f 


- / ry R l 

^ 27i:C\rT)+ 


“1 


+ /?? 1 or C 


C= 


rT)+ 

1 r io^xiQ^ 

2x3. 14x 10Ll0*+10* 


2nf[ 


rpRi 
rp+Rt 


+R<, 


+49.5X10* 



=0.0318/1*/. 

Example 8. An R C coupled amplifier uses triode having: 
amplification factor of 50 and dynamic plate resistance of 14 kilo 
ohms. The load resistance is 100 kilo ohms and the grid leak resis- 
tance of the next stage is 800 kilo ohms. The total shunt capacitance 
is 200 ^pf. Calculate for one stage of this amplifier (/) mid band 
gain, (//) value of coupling capacitor to get lower half power frequency 
of 10 Hz, (Hi) upper half power frequency and (iv)for coupling capa- 
citor of 0.05 pf, voltage gain at frequencies of 5, 500 and 50 kHz. 


We know that 


=J-+JL+_L = _i_+_L_+_i_ 

RpLQ rp Rl Rg 14x 10^ lOOX 10* 800 X 10» 
or RyLg=^\.l\ X 10^ ohms. 


Mid band gain Am——gmRvLg= — 


14000 


X 1,21X10*= -43.19,. 
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Coupling capacitance C=l/2tr/i Rtg^ 


vhere 


4 • 


ReQ—R’i* 


rpRL 

rp~\~RL 


= 800xl0»+ 


14Xl0»xl00xI0» 

14X10*+100X10» 


=812.3 kilo ohms. 
^“2X3.14X lOx 812.3 


Upper half power frequency fz^l/lnCsRpLo 

= 1/2 X 3.14X 200 X X 1.21 X 10^ = 65.8 kilo Hz. 

For coupling capacitor C=0.05 /i/, lower half power frequency 


/i= 


1 


I 


InCReQ 2 X 3.14 X 0.05 X 10“®X 812.3 X 10^ 


= 3.92 Hz. 


Frequency of 5 Hz is close to the lower half power frequency, 
hence voltage gain 



Am 

oWi/Tm 


43.19 

[l + (3.92/5)2]i/2 


33.98. 


Frequency of 500 Hz lies in true mid band as it is greater 
than 1 .92 Hz and smaller than 65.8 x 10^ Hz. Hence gain at this 
frequency may be taken as 43.19. 


Frequency of 50 kilo Hz is close to the upper half power fre- 
quency, hence voltage gain 


^ Am 

[i+(///2m 


43.19 

[H-(50/65.8)2]i/2 



Example 9. A three-stage R-C coupled amplifier has plate re- 
sistance 10 kilo ohms, valve amplification 15, external resistance 80 
kilo ohms and loss in coupling capacitor 5%. Find the voltage across 
the last output resistance for an input of 3 milli volts. 


Voltage across i?z.= 


y^esRL _15x3xl0"2x80xl02 
/■p+i?L 10x103+80x10® 


=40X10’® volt. 


A loss across coupling capacitor is 5%, hence 

loss in capacitor=40 X 10"® x (5/100)=2 X 10'®. 
Input for second stage=40— 2=38 milli volts. 


Voltage across second stage Rl= 


pe»R L 

rp+i?L 


I5x38xl0“®x80xl0» 
10xl0®+80x 10*^ 


= 507xl0~® volt. 
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Loss in the second slage=507x 10-3x(5/100)=25.35 millivolts 
Input for the third stage=507-25.35=481.65 milli volts. 


Voltage across third stage Rl= = 

Tv+Rl 


15X481.65X10~»X80X10» 

10xl0»+80xl0» 


“6422X 10'^ volts. 

Loss in the third stage=6422x 5/100=321.1 milli volts. 

Input for the next stage=6422--321. 1 = 6100.9 milli volts. 

Example 10. A transformer coupled amplifier uses a triode 
amplification factor of 15 and dynamic plate resistance of lOfiOO 
ohms. Effective primary resistance Rp^ 1000 Sly effective secondary 
resistance R8= 9000 Sly magnetising inductance of primary=l0H, 
leakage inductances referred to the primary=0.1 H, effective load 
capacitance across the primary=400 pf^ and turns ratio— 2. Calculate 
(i) Mid frequency range gainy {a) lower half power frequency, {Hi) 
resonant frequency in high frequency rang€y {iv) true mid bandy and 
(v) voltage gain at frequency of 20 Hz. 

Mid frequency range voltage gain Am=nfi=2x 15=30. 

The total anode resistance rp'=/'p+/?p= 10,000+ 1000. 


Lower half power frequency fi= 


rp 


11000 


2nLp 
= 175 Hz 


2X3.14X10 


Resonant frequency in high frequency range is 

277[0.1 X 400X 10-12J1/2 X 103 /fr 

True mid band =0. t/g— 10/i=2.65x 10^— 1.75 X 10^ 

=900 Hz. 


Gain at frequency of 20 Hz= 


Am 30 

[l + (filfn^^ ^ [l+(175/20)2p7a 



Example 11. An amplifier has a voltage gain of 10,000 with 
normal plate supply. If the plate supply is reduced, the voltage gain 
reduces to 8000. When a — ve feedback is applied at the normal 
plate supply, the voltage gain reduces to I/IOO of its value without 
feedback. Calculate (/) voltage gain with feedback for the two values 
of the plate supply, (ii) percentage reduction in voltage gain with the 
reduction in the plate supply, for both conditions, with and without 
feedback. 
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With “Ve feedback the voltage gain Af^AllOO=Al(\ — M)- 
/. l-p(-10,000) = l00 or p=0.0099 

and voltage gain with — ve feedback i4/=— 10000/100*= — 100. 

When the plate supply is reduced, the voltage gain with feed- 
back 

^/=_8000/[1-0.0099 (-8000)]=-99.75. 

% reduction in voltage gain with feedback 


— 100— (-99.75) 
—100 


X 100 = 0.25% 


and % reduction in voltage gain without feedback 


— 10,000— (-8000) 
— 1 0000 


X 100=20%. 


nple 12. In a cathode follower the dijferent values are : 
amplification factor plate resistance 10,000 ohms and cathode 

resistance Rk= 1000 ohms ^ Calculate : {I ) voltage gain, {2) internal 
impedance, (3) output impedance. 

We know for a cathode follower that 
voltage gain A==fxRkl[Rk{i+p)+rp] 

= 50 X 1000/[1000(l + 50)+ 10,000]=0.82 


or 


The plate current in cathode follower 


pes 


rp + /?fr(l+/;*) 


ip — 


Iplil+p)] €5 

[rp/(l + ^)+i?fc 


Internal impedance= 


^ p 


10,000 

1+f* " 1 + 50 


= 196^l. 


Output impedance= 


r pR 


rp~hRk{l + p) 

= 163.93 ohms. 


10,000x1,000 

10,000 + 1000(1+50) 


Example 13. Prove that the maximum amount of power output 
is obtained at the load of an amplifier ipushpull) circuit when the load 
resistance is equal to twice the plate resistance of one tube. If the 

p=I2 and rp^lOkSl is fed from an anode supply 

of 400 volts. If the total direct current from the supply is 10mA, 

input signal applied to each triode is 10 volts, load resistance Rl~ 5^ 

ron’o <?//)r/w<7ry to secondary winding of output transformer 

IS 30. Calculate (0 output voltage and (n) the plate current effici- 
ency. ^ 


no 
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Total output power Pl 



f^es 


rp-\-^Rp 


Rpi 


or 


For the total power delivered to be maximum 

2 


cJPl 

dRp 


l^es 




Kp + ^Rp 


(rp + iRp^ 


r«=0 


i?p = 2/*p=Twice the piaie resistance. 

As Rp = {2i\\iN^yRL==30^x5 = 4500Sl. 

Plate current ip^lfies/llrp-^'ilNJNzyRL] 

-2 X 12 x20/[2x 10^ + 4500]= 19.6 mA. 

As (2 A^i/A’'2) e^^ipRp, hence the output voltage 

co=19.6x lO'^x 4500/30=2.94. 

The output ac power Pac = ip^Rp^{\9.6x 10"3)2x 4500= 1.728 
Plate circuit efficiency •ri=^[PaclPbb]x 100 

. 43 . 2 % 


lEb^ 


lOx 10"3x400 


Oral Questions 

1. What is meant by amplification ? 

2. How are the amplifiers classified ? 

3. What is the fundamental difference between class A, class B, class AB 
and class C amplifiers ? 

4. Which class of amplifier operation is commonly used for r-f and a-/ 
amplifiers in radio receivers ? 

5. What is meant by load line ? 

6. What is the phase difference between the input signal voltage and the 
anode voltage in a class A amplifier ? 

7. What is the advantage of equivalent diagram of any electronic cir- 
cuit ? 

8. What is meant by impedance matching in an amplifier 7 

9. What are the functions of Rkf Ck and Rp in i?-C coupled amplifiers ? 

10. What is the advantage of 7?C— coupled amplifier ? 

11. What is the advantage of the impedance coupled amplifier over the 
couplcd amplifier ? 

12. What are the advantages of transformer coupled amplifier ? 

13. What is meant by distortion in amplifiers ? What are the causes ? 
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14. What is meant by feedback ? Under what conditions docs it occur 7 
What are its advantages 7 

15. What is meant by cathode follower 7 By what other names is this circuit 

also known ? 

16. What are the applications of cathode follower circuit ? 

17. What is the purpose of power amplifiers? How are they classified in 
terms of (/) operating frequency, (/i) tube operating characteristics 7 

18. What is meant by VTVM ? Why is it better than a voltmeter 7 


Proble 


II 


s 


amplifier provides a voltage gain of 15 with a 

eTbv 10 ‘o 20 when the load is increas- 

ca oy jy.ouo ohm. Find the plate resistance and other constants of the triode. 

{W ka,30, 3x10-' mho) 

resistance iiV tn’°fif valve the plate resistance is 10* fl and the anode load 
resistance is 30 kSl. the amplification factor is 36. Calculate the voltage gain. 

(-27) 

with a amplifier gives a voltage amplification of 30 

ci'ila.e fcSi and 34 with a load resistance of 85 fcft. Cal- 

cuJate the constants of the valve. 

(r;,=;0 g„=2.I X 10-' mho) 

resistane; conductance of 2.5 mA/volt and an anode ac 

anode rfrenft^.” resistaocc which must be inserted in the 

anode circuit to obtain a stage gam 30. 

sianal ofn I’? ‘o amplify an ac 

signal ot 0.05 volts. Calculate the output voltage if the load resistance is 50 kSl. 

{1.4 volts) 

valve afe 7a® and anode characteristics of a triode 

Sance win and 0.05 mA/V respectively. What value of anode load 

toTve TstTge gain 30.‘ " ® ®® 

(33 *33 

1 , 0 ., o valves are available for simple amplifier Valve A 

^ ^'°P® resistance of 60 kilo ohm whii; 
If IL amDriLrT, “ factor of 20 and a slope resistance of 15 kilo ohms, 
valie will nmviL .1 ^0 kilo ohm, find which 

gfve the"Lmrgarn ^ of anode load the two valves 

® {B valve, 51.23 kilo ohm) 

u . ?'■ maximum power which can be obtained for a sienal of 1 

volt by triode having rp=2000 ohms and amplification factor 10. 

{0.0125 watt) 

* 6*? -^^-coupled amplifier has the following value of circuit .-r*mnr.. 

amplifier at frequencies 50 and 1000 kc/s in decibels. ( 42 , 4 i) 

u-mnHvn™- ■'^f'Oouphd amplifier uses pentode having amplification factor 
P-lOO, dynamic plate resistance r,=.500Ara, load resistance grid 
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leak resistance of each stage i?f7=500 kQ, coupling capacitance C=0.1 |i/, plate 
to cathode capacitance Cpji^3[L\Lf, input capacitance and writing; 

capacitance C^^lyLy./. Calculate lower and upper half power frequencies, mid‘ 
band gain and gain band width product. 

(2J3 Hz, 222. S k Hz, -14.29, 3.18 x 10* Hz) 

12. A valve having an amplification factor of 7 and an anode slope resis- 

tance of 7000£2 is to be used as a low frequency amplifier. Anode circuit trans- 
former has turns ratio of 3 and its low resistance winding has an inductance of 
10 H. Calculate the gain for voltages of frequency 100 cIs. {14) 

13. A change of anode supply voltage from 300 V to 270 V reduces the 
gain of a amplifier from 700 to 650. If one fourteenth of the output voltage is 
introduced at the input as negative feedback, find the resulting gain at 300 V 

and 270 V anode supply, {13.72, 13.71) 

14. An amplifier has a voltage gain of 200, distortion of 10% and a 

normal input of 0.5 volts. If a negative feedback with a =0.05 is applied, then 
find the new gain and distortion. What will be the input voltage for the same 
output voltage in the presence of feedback. {18.18, 0.909%, 5.5 volts) 

15. A vacuum tube has a transconductance of 2500[i mhos and a plate 

resistance of 80,000 ohms. What is ths ac power output if the peak value of the 
input signal is 16.5 volts and is 7000 ohms ? What value of plate load resis- 
tance would be required for the tube to produce maximum power output ? Cal- 
culate the maximum power output corresponding to an input signal with a peaK 
value of 16.5 volts. {5 watts ; 80,000 ; 17 watts). 


4 

Oscillators, Modulators, Detectors 

and Receivers 


4.1. OSCILLATORS 

The electronic device employed for generating electrical 
oscillations is called as electric oscillator. In this device dc power is 
converted into an ac power. This function is reverse of the function 
of a rectifier which converts ac power into dc power, due to this 
reason the oscillator is also known as invertor. Oscillators are used 
for variety of purposes, c.g., in (0 Radio transmitters and receivers 
(«) Television transmitters and receivers, (Hi) Radar, etc. 

We know that the combination of a capacitor C lully cliirged 
initially and an inductor L gives electrical oscillations. In these 
oscillations the electrical energy associated with the capacitor is 
completely transferred to the mignctic field linked with the in- 
ductor. The latter then transferred to the former. This process 
will continue and is known as electrical oscillation. In practice 
there is some resistance R of the coil, hence the frequency ot oscil- 
lations is thus given by 

/•=_L [fJ 

^ V V LC 4L“ J- ' 

This damping is due to resistance R because of losses due to 
(0 heating efiect in the resistance R and (ii) the generation of eiec- 
tromagneiic waves when frequency is high. To maintain continuous 
oscillations the power must be fed to the circuit in some way so 
that the losses due to R are overcome. One wav for producing 
coiiiinuous oscillations is the use of the negative resistance, equal lo 
the positive resistance R of L-C circuit. The oscillator in which a 
— Vo resistance is produced by the amplifier tube to neutralize the 
posuive resistance of the oscillating circuit is known as a negative 
resistance oscillator. The other method for the compensation oi 
energy loss of the L-C circuit is the use of positive feedback circuit . 
This type of oscillator is known as positive feedback type oscillator. 
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an oscillator, (a) Feedback devi>^ Ta 
maintain continuous oscillations +ve feedback is to be introduced 

fee^dbai tIL ih! amplifier and |3 is the 

amjfifier i?gi°v’ei by 


Input ^ 



Output e. 


A.Tiptit ter 
Gom A 


Feed- p ack 
Fcctor A 


Fig. 4.1. 


e/=e>=^eo=?>{Aes) 
or e> (l-3^)=0. 

For an output esz^.Q, we 

have 

1— M=0or3^=l —(2) 

This is known as Bar- 
k hausen criterion for sustained 
oscillations. 

Thus to maintain sus- 
tained {continuous) oscillations 
the gain frequency, and phase 
shifts should be such that 
= 1 and the phase shift of 


amplifier should be equal to negative phase^shifr of Redback 
mrcuit^, hence the overall phase shift around the complete cycle 

wfl'/f ^^ 1 ,^^ M °u ^ 2n:. For a good frequency stabfiity 

should be large, so that a large change in phase aSe i? 
obtained for a small shift in frequeneyf ^ ® 

•c 41 , Barkhausen criterion analytically, consider that e, 

IS the yoltage between the grid and the cathode. The output current 

is gmc, it we assume the linear operation of the circuit. An input 

current ip m the feedback circuit will produce certain voltage across 

the output terminals of the circuit. The transfer impedance of the 
Circuit 


feedback circuit. 


Zt— —esjipt 

where — ve sign is due to phase shift of 180® in 
Thus for continuous oscillations 

(ginCs-heoIrp) Zt= — es. 

Since cq^Acs, rpgm^t^, hence Eq. (3) becomes 

gmZr(l + /5f//*)=--l, 

This is the first form of the Barkhausen criterion for the 
tinuous oscillations. 

Another expression can be obtained as e^^—ipZ. 


...(3) 


...(4) 


con* 


% • 


(gmCs-j-Aes gmlpL)Z =~-Ae 


or 


gntZf — 4 

A fx 


= — 1 or 


Z M 


1 

A 


(5) 
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This is another form of the Barkhausen criterion. If the ratir. 

w/e.=p, the fraction of the output voltage that is feedback into the 
input circuit through the feedback circuit, then ° 






Eqs. (5) and (6) give 


P^ = l. 


Ljnutwg Device. As soon as the oscillator is 
switched on, oscillations start gradually and the amplitude in- 
creases. Vi hen the amplitude of oscillation has built up the out- 
put power gets reduced. At large input amplitude, fed from output 

the plate current IS cut off at each -ve peak of grid voltage and 

at -f ve peak, current flows which reduces the anode current and 
hence the power delivered to the tank circuit {L-C circuit) Thus 
the amplitude of oscillation soon becomes steady, so that the enerev 
delivered to the tank circuit by one pulse of anode current is Sf 
to energy lost by the tank circuit in one oscillation. ^ 


(c) GrW hwj. The combination of the grid capacitance (Cd) 

and grid resistance is used for self biasing of the oscillator 
which results in self starting oscillations. As soon as the circuit is 

^ oscillations start growina. 

During the first +ve half of the 

generated voltage, capacitor Cg is 
charged. The capacitor will therefore 
have a steady developed across it. 

The plate of the capacitor joined to 
the grid will be —vely charged as it 
collects electrons. During the— ve half 
cycle of the generated voltage, grid 
* current does not flow and the capaci- 
tor discharges through the grid resis- 
tance Rg, The time constant RgCg is 
so chosen that a steady bias is main- 
tained. With the each half cycle of oscillation, the amplitude of 
oscillation increases continuously. The grid bias also increases 
gradually until an equilibrium position is reached when the charge 
received by the capacitor in the +ve half cycle is exactly same L 
the charge removed to Rg during the — ve half cycle. At this time 
the bias and amplitude of oscillation become steady. The bias 
obtained in this manner is at or beyond cut-off. 


^ - — O 



tiine constant iJjC? is too large, the bias becomes very 
high after a number of cycles of oscillation. At this higher bias, 
the oscillations die out and the capacitor slowly but continuously 
discharges through and bias reduces. When capacitor has dis- 
charged sufficiently, the oscillations again start. In this way we get 
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Hence to eliminate this discontinuity 
time constant RgCg should be reduced suitably. 

4,2. TYPES OF OSCILLATOR CIRCUITS 

groupr^^'^'^'^ oscillator circuits are broadly divided into two 

1. Producing sinusoidal wave. These may be classified as,': 

I * Feedback oscillator. It is the combination of tuned oscil- 
lator with a -hve feedback. The feedback oscillators commonly 
used are ; luned grid, {.b) tuned plate, (e) Hartley, (d) Colpitts 

{.€) complex types using more than one tuned circuits, the’ 
tuned grm tuned plate oscillator. ^ 

no resistance oscillator. The circuit element is said 

SSrrcnrthroueh'^^f increase in voltage decreases the 

eVremr"'"*^"’ resistance iapLitance 

oscUlatof. To maintain the frequency of oscilla- 
tions to a hxed value, crystal oscillators are required. Actually 

fr^eqiTeucy^*^^ produce oscillations but controls the output 

fiv) Magnetostriction oscillator. Tais circuit is based on the 
principle that a change in magnetization will cause rmSaetic 
material to expand or contract. On the other side a contractfon or 
expansion of a magnetic material will cause a change in magnetiza- 


(V) Ultra high frequency oscillator. Above mentioned oscilla- 
tors cannot he used to produce ultra high frequency oscillations. 

These are obtained by using (a) +ve grid, (b) magnetron, (c) velocity , 
mcduldUOD} lesondut cavities and (e) resonant lines. 

2y Producing non sinusoidal wave. These are also named as 
relaxation oscillator circuits. Ihe types most commonly used are ; 

(0 Vauder Pol, muliivibraior, v///j glow tube discharge, (zv) arc 

lube discharge, {v) saw-tooth wave generator, (vi) rectangjJar or 
square wave generator, Ihese are generally used as electronic 
timing and control circuits in television, radar, oscilloscope and 
indu^ifial control equipment. 

Let us discuss few oscillator commonly used. 

(A) Ttic Tuned Grid Oscillator. Fig. 4.3 shows the circuit 
diagram of a tuned grid oscillator. To maintain sustained oscil- 
lations, the amplifier output is fed back to its input and the feed- 
back energy supplied by the plate circuit to the grid circuit should 
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be in proper phase and of proper magnitude. In this oscillatoff 
a ZL-C tank circuit in parallel) is placed in the grid cir- 

cuit, an inductance coil L placed 
in the plate circuit is coupled to 
the coil Ij of the tuned circuit by 
mutual inductance M, which pro- 
vides ihe necessary feedback from 
the plate circuit to the grid cir- 
cuit. The CgRg combination in 
the grid circuit is placed for self- 
biasing of the oscillator. 



Fig, 4.3, 


On switching !he H.T. sup- 
ply, a transient current occurs in 
the coil Z-i, the L^CxRi circuit will 
then beign to execute damped oscillations. The resulting variatkns 
in grid potential will cause corresponding changes in anede current. 
These variations pass through L and due to mutual coupling will 
induce emfs in of the same frequency. If the feedback energy, 
depending on M and gm of the valve, is of sufficient quantity to 
overcome the losses due to R, and the feedback is in correct phase, 
the sustained oscillations will be maintained. This is the applica- 
tion of coil L, known as reaction coil. 


Let Os be the vohage between grid and cathode of the tut'c. 
Due to this voltage at the input, current ip flows in the plate cirevit. 
As this current passes through the reaction coil L, voltage jaJ^Up is 
induced between the grid and cathode through mutual inductance 
M, If this emf is greater than or equal to the input voltage and is 
in the same phase as es, the sustained oscillations are rraintained. 
The tube and coupling {like transforn:er) each makes a phase change 
of 7t, thus the feedback voltage is in phase with original voltage. 


Applying second Kirchhoff’s law to meshes (1) and (2) of the 
equivalent circuit 4.4, we get 



l^e$—ip[R-\-rp'^jo}L\ — jo-M /. .. (7) 

0="/ [Z^i+ycoZ,i+ l//a,Ci]— yc/jM/p •■•(8) 

As the output voltage Co=pd across 
capacitance Ci = //jaCi = irput voltage Cs 
across grid and cathode by feedback pro- 
cess. Hence from Eq. (7) we have 

;i/7jcuCi= ip [R~{-rp-\-Jo)L] — j(vMi 
. or i[fJiljojC^+JwAl} = ip[R-}- /-p-h ya;L]...(9) 


Eliminating i and ip from relations 
Fig. 4,4, (8) and (9), we get 

j(^M{iijjwC^+jo,M)^{R+rp-k-jo,L) {Rx+jojL^+] Ijo^C^). 
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m 


Lj— l/coCi or oj-Z-iCi—l, hence 


If R^rp, then we have 

IJ-Mi Cl - = {rp-\-jwL ) (i?i 4-7C0L1 + 1 //coCi) 

Equaling the real parts, we have 

IJ-M jCj^- w-M^=rpR^-ofiLLj_ + LjCi 
or /x.W-a,^^/2Ci = rpi?iCi-a,2LL.Ci + L. 

At resonance w 

As M^lh is small compared with fj. M, hence 

,.M=rvR,C^ or M=rpR,C,!p^=C,RJg,„. ...(H) 

sustainedVsc*hbtinn«''^Th*^^t°^^^*™'!?^ required for the 

sustained oscillations. The transconductance of the valve 

gm>CyRJM. 

Equating imaginary parts of Eq. (10), we get 
0=u)LRi + ojLirp—rplwCi or rp = w'^[LCyRi-\-rpLi€i\ 

Tp 1 

Z./?iCi+/-pZ,iCi ~ LiCid +LRJrpL^) 

LR ^ l"*/2 1 r 


or 




TpL 


••• /=/o [ 


V(C: 


1 




1 


LR 


l.rpL 


] 


•( 13 ) 


nf f>-equency generated in this way is slightly less than 

ot resonant frequency of the tuned circuit. 



(B) 

C« 


A-WV\^ 


•es - 


Tuned Anode Oscillator. Fig 4.5 shows the circuit 

diagram of the tuned anode oscil- 

I lator. It is essentially a self grid 
excitation tuned class C amplifier. It 
is a very common type of feedback 
oscillator. The +ve feedback in the 
circuit is possible due to the mutual 
inductance M between the antire- 
sonant circuit of plate and coils of 
grid circuit. The grid leak resistor 
Rg and grid capacitor Cg combiaa-f 
tion is for the self excitation and 
the proper operatory grid bias. 



Fig. 4.5. 


When the plate supply {Ebb) is on, the plate current through L 
increases slowly and an induced voltage {M diildt) is established 
between grid and cathode. The polarity (due to winding, etc.) of 
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tte two coils is such that with the increase in current through 
inductor (u), this induced voltage between grid and cathode also 
increases till the current reaches to its saturation value. There will 
then be no induced voltage. To attain normal value, the current 
iL will increase and the induced voltage M ditldt will become nega- 
tive and the grid cathode voltage will goon decreasing unless Af 
{ditjdt) is again zero. The plate current will again increase to have 
normal value and increase upto saturation point. This type of cycle 
is repeated, with the frequency depending upon the inductance and 
capacitance values of the tank circuit. 


Let an ac voltage 65 is applied at the input of the oscillator. 
This will be amplified by the tube and a current it will flow through 

inductance L, Due to mutual inductance Af, an induced voltage 

jwMiL will be induced between grid and cathode of the tube. If this 
voltage is in phase and greater (even equal) to the applied voltage 
6», sustained oscillations will be maintained in the circuit. Since 
the tube makes a phase change of 180° and further the coil wind- 
ing (similar to transformer) makes another 180° phase change 
hence the feedback will be applied in the same phase as the original 
voltage es. These are the conditions of positive feedback in a circuit. 


The necessary conditions are derived by considering that the 
tube parameters fj., rv and gm are constants, there is no grid current 
and the wave form is sinusoidal. Fig. 4.6 shows the equivalent 
circuit diagram of the Fig. 4.5. 


For the plate circuit 

= rpi+ iLiR + JwL) . . . ( 14) 

For the tank circuit 

iclj<uC=iL{R-bjojL) 
or ic = iL jioC{R-\-jcoL). 

Voltage between grid and 
cathode 

es—jojMit. .«(15) 

The total current in plate cir- 
cuit 

/=/c + /£.. 



Fig, 4.6, 


.*. fxjojMiL =rp[iL -f- ic) + it {R + JojL) 

=rpic-\‘iL(rp-{-R-{^jo)L) 

= rpiLja)C{R-^-jajL) '\~iL{rp'^' R-\-jojL) 
or JoiMjj. —JcoCrp {R -f- jo)L) +(rp -h i? + jcoL), ...(16) 


Equating the real parts of this equation, we get 
—oj'^LCrp+rp-{-R=0 or co^={rp-\-R)IrpLC—{l'i-Rlrp)lLC 


9 

f • 



ViLC) 



•••( 17 ) 
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frequency of tank circuit is defined as a>o= 

1/v (LC), then for R'^rp equation fl7) can be written as 

w=^n+RI2rp) 0Tf=fail+Rl2rp). ..( 18 ) 

bo the frequency of oscillator is slightly higher than the reso- 

nan. fr( qucncy by a factor O+R/lrp). It is not generally desirable 

to charge 1 he frequency by changing R. It is also obvious from this 

equation that the tube plays insignificant role in determinins the 

requency of oscillator. Now by equating the imaginary parts of 
tq. (16), we have ^ 

wMn=(oCrpR+ojL, 

Of M={L+CRrp)lix, •••( 19 ) 

This gives the minimum value of the mutual inductance between 

the plate circuit coil (tuned circuit) arid grid circuit coil for 
oscillations. 


M — Lip.-rCRrp!ii or M— Lj fji. = CRlgm 

gm=p.CRl(Mn—L). -(20) 

This equation gives the value of g,n for sustained oscillations. If the 
value IS less than this, the oscillations will die out. 

fC) Hartley Oscillator. Hartley oscillator is one of the sim- 
plest types of oscillator circuit. The amplified energy in the plate 
circuit IS fed back to the grid circuit by means of inductive coupl- 
ing. Only a single coil is used, which is tapped at the middle A 
poTtion Zi of It is in plate circuit and is in grid circuit. 'The 
amount of feedback depends on the number of turns in these por- 
tions (I, and /,). The alternating current in the plate section of 
the coil induces a voltage in the grid section. This voltage is 
amplified by the tube and is applied again to the plate section As 
the plate and grid voltages are taken from opposite ends of the coil 
with respect to the common lead, hence are 180 degrees out of 
phase with each other. 


Although the circuit arrangement can be of two types, (/) 
scries fed 3 .x\A (ii) parallel fed. In order to avoid the danger of high 
plate v/oltages appearing across tuning capacitor and the coil, the 
paralle fed circuit is generally used. In the parallel fed harmonic 

r PFcnone cscillator (Fig. 4.7) the plate 



circuit IS divided intot two paral- 
lel branches, one to provide a 
path for dc and other for ac. The 
rf choke keeps the ac out of the 
dc circuit, and the blocking capa- 
citor Cb keeps the dc out of the 
ac-circuit. The reactance of Cb 
at resonant frequency should be 
small in comparison with the 
reactance of the choke coil at the 
same frequency. It will allow 
most of the rf current through 
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the plate section Xi. The frequency of oscillations is the resonance 
frequency of the parallel circuit formed by C and coil (X 1 +X 2 ). 

Neglecting the effects of C& and rf choke, the equivalent circuit 
will be same as shown in Fig. 4.8. Applying the Kirchhoff’s second 
law to meshes 1, 2, and 3. 

}jL€s = ii{Ri+JojLi)+JoiMi2-{-iprp 

= ja>Mii 

0 = /i (-/?!+ yctjXi)+ /2(J?2“i" 7^X2) + /o) + iJjojC, 

where /‘i and ig be the currents in the Xi and X 2 respectively and the 
plate current ip=i \ — Solving these equations, we get 

-^i~Fr?)+7^(X] — fJ-M ) 7?i+yVj(X|4-A/)) /-i) 

rp~\-j<tjifj.L2— M) i?2"i“7^(X2+ Af) — JI^jC 

After solving and equating real parts 

^ Xt+M CM7?^4/?.vX)-f x,>+:a / 

^ A+A/+ (Li + M ){L.+ M ) 

If the resistance of the coil is negligible 

Ai==(XaAf)/(X2+A/). ...(22) 

The circuit can thus be adjusted for 
osc illations by alterirg Ther.tapping point on 
the coil. On equating imaginary parts of Eq- 
(21 ), we get 

a;^[Xi7?2(l +m) 4 i?iX;j(l + /x) + /-j>fXi-f X 2 + 2 A/)] 

= (Ri-\-rp)JC\ 

First two terms can be neglected in 
comparison to the thiid term on the LHS, 
hence 

a}'^={Ri-^rp)/Crp{Lj’^ X 24 2 (if). 



ora>J-^±L-YT ! 

V rp ^ ) L C(Xi4X2-r2*W) /-p j (XC^/a 

where X=Xi+X 2 + 2 Af. 

As resonant frequency /r — l/2:t\/(XC) 

f=^fr{\-^R,frpyi\ .,.( 23 ) 

The frequency generated in this way is slightly greater than 
that of resonant frequency of the tuned circuit, 

(D) Colpitt's Oscillator. It is similar to that of Hartley oscil- 
lator, except that the cathode is connected to a tapping point on 
the capacitor instead of the coil. 
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In this oscillator, a grid leak resistor Rg is used to provide a 
conduction path between the grid and cathode, and a low reactance 
capacitor C to block the direct potential of anode from reaching the 
grid. Cl and C 2 are the plate and grid tank capacitors, as shown 
in Fig. 4.9. 

As the plate current starts to flow, the blocking condenser C 
starts to charge, which in turn charges the plate tank capacitor Ci. 
This produces an etfect to the grid laak capacitor C 3 through the 
r./. choke, causing the terminal connected to the grid to become 
more negative. This negative feedback will reduce the plate 
current and thus the energy stored in the plate tank capacitor. 
In this way the direction of the feed back voltage is reversed. 
This process continues and the sustained oscillations are produced. 


r f choke 




Lp 


If the elTect of r./. choke. C, Cg and Ro are neglected, the 
equivalent circuit of Fig. 4.9 will be of the form as shown in Fig. 

4.10. Applicatioaof Kirchhoff^s second law 
to the meshes (1), (2) & (3) respectively 

' ' . 'I 

Tn > i, y^es—ipvp ‘{'iiljoyCi ...(24/ 

es^i^lj^Cz ' ...( 25 ) 









o 

o 

o 

£9 


r 






es © 

i — 


R 


C 


or 


Fig. 4.10. 

/3 rp + l//a#Ci 


From equation (26), we get 
L 1 


an^ 0 = /i/7ajCi+/2 (R-{-jo)L+lljcoCz) 

...(26) 

Since h^ii—ii- ...(27) 

The substitution of the value of es from 
Eq. (25) and ip from Eq. (27) in Eq. (24) 
we get 

—{i\~ i-^rp + iJJo^Ci 

^.(28) 


_2 

* 

h 


JojCi (R+jo}L-{- llj(^Cz) 


...( 29 ) 
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Equations (28) and (29) give 

rp+lZ/toCi — 1 

rv+^jjaiC-i XjjtaCz) 

Equating the imaginary parts, we get 


— “ rpw^CiCoi/ + rpoiCi + o)C2R + rpcaC^ 0 







where fo=^{C^^C2)/C^C2^^fV21z. 
Equating the real parts, we get 

Rrp(i>^CiC2“^ oi^L>C2~h 1 = 


l+fM=<o^[RrpC^C 2 +CtL] 




H 



+Q 


_R 

rp 


(c.+c.,(«p + X)^ 


(•.• C2 R/(Ci+CjVp<< 1) 


_ -R ''7> ^ , C 

M = — — (Ci + C2)+ 


cr 


...(32) 


This is the condition for the circuit to be oscillatory. This 

can be obtained by the alteration of the tapping point on the capa- 
citor* 


(E) Wien Bridge Oscillator (RC-oscillator). Instead of LC- 
circuit, It is also possible to have an oscillator with RC-network 

provides the requisite phase change. Such circuits are 
nci.1 f These have an advantage that they can be 

Si 7®’’^ frequencies. The /?C-osci!lators are both sinu- 
soidal and non-sinusoidal. The sinusoidal oscillators are of two 

^Mft oscillator (/7) Wien bridge oscillator. The 
non-sinusoidal oscillators are known as relaxation oscillators. 


^ two-stage i?C-coupIed amplifier, in 

in nfafn l produced when this feedback voltage is equal 

n magnitude and phase with the initial voltage at the input of the 
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first stage. The circuit diagram of this oscillator is shown in Fig. 
4.1 1. Because of the form of the coupling network, this i?C-oscilla-> 
tor is known as a Wien bridge oscillator. 

In this circuit the output voltage 9^ two-stage 
amplifier is fed to the coupling network and its output cs is fed as 




Fig. 4.11. 

the input of the first valve Kj. The coupling network is composed 
of Cl Rx in series and C 2 R 2 in parallel. The resistances and lu 
are used to stabilize the amplitude of the output. For a given 
and valve Fj, the bridge is balanced by adjusting R^. At this con- 
dition, the grid-cathode potential (es) is zero and there will be no 
feedback. The system will thus not oscillate at the balance gomt. 
At the balance position, the condition for balance is given by 

R 2 Ri + V j^Q ( jo}RiCi+\) ^ 1 ■FJ'mC2R2_ 

_ 1 \ —( 33 ) 

~ r- 2 Cx A <^CxR 2 r 


Equating real and imaginary parts, we get 
R. 


R 


R \ ■ ^2 

R. Cl 


and 1 — a>-Ci C 2 /?i^a— ..-(34) 

If Ri=rI=R (say) and Ci=C 2 =C (say), then we have 
RJR 4=2 and w=cuo=l//?C. 

Under these conditions, the circuit will act as a frequency 
selective feedback rejection amplifier. The circuit may work as 
oscillator if RslBt is chosen to be greater than 2. 

The continuous variation of frequency of this oscil^tor is 
done with the help of the two variable capacitors Cj and ^ 2 - J 
stabilize the amplitude against range switching, the circuit is 
fied by replacing by a tungsten-filament lamp, ^he therma Him 
constat of the lamp must be large compared with '^e period ot 
the oscillations, otherwise the amplitude control will not 
adeq uate. 
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(F) Crystal Oscillator la the crystals such as quartz tourma- 
line, etc., if mechanical stresses are applied on two opposite faces, 
the electrical charges appear on the pair of faces perpendicular to 
the former faces. If the stresses are changed from compression 
to tension, the electrical polarity changes sign. Conversely if the 
electrical charges are placed on two opposite faces of the crystal 
or the potential difference is applied across two opposite faces of 
the crystal the mechanical stress is produced and the result is the 
compression or extension across the other pair of opposite 
faces. This effect is known as Piezo electric effect and the crystal as 
piezo-electric crystal. Such crystals are utilized in crystal oscillators, 
which are frequently used for measurement of time to high degrees 
of precision. 

The natural form of a quartz crystal is hexagonal in cross- 
section. It has pointed ends, the line joining these ends is called 
the z-axis or optic axis. In the hexagonal cross section there are 
three axes passing through its opposite corners. These axes are 
called x axis or electrical axes. There are three axes called j^-axis 
or mechanical axes perpendicular to these axes as shown in Fig, 
4.12. We obtain slicing sections from the crystal. 


z-QXis 



(fl) {b) 

Fig. 4.12. 

A'-fwr Crystals, If the crystal is cut by a plane parallel tc 

j-a.ys arid perpendicular to X axis. Its faces are either silvered or 

tin fci ed to ensure good electrical contact. The field is applied 
along the x-axis and the crystal vibrates along the y axis. If the 
frequency of the applied cmf is same as that the natural frequency 
ol the crystal, the mechanical resonance vvil! take place. 

obtained by a plane parallel to 
»-axis and perpendicular to y-axis. X- and Y- cuts are not used in 
the niocern oscihators because of their large temperature coeffi- 
cients. It IS either positive or negative depending on the crystal 
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cut. A zero temperature coefficient crystal called GT cut may be 
obtained by proper orientation of the axes at which the crystal cut 
is made. The G7cut has constant frequency over the temperature 
range 0°-100°C. 

Crystal Oscillator Circuit. The crystal is mounted hori- 
zontally by clamping between two metal plates or by two electrodes 
electroplated on its side faces. The mechanical vibrations in the 
crystal are analogous to the electrical vibrations in L~C circuit. The 
vibrating crystal may thus be replaced by an equivalent electrical 
resonance circuit (Fig, 4.! 3). The capacitance Cs represents the 
shunting capacitance which actually arises between two metal 
plates. Parameters L, C and R represent values analogous to the 
mechanical properties of the crystal, the mass, the elasticity and 
the damping respectively. The ratio of mass to elasticity is very 
high and is equivalent to a high LjC ratio. The mass to damping 
is also very high and is equivalent to a high Q value. The induct- 
ance of the quartz crystal is very high. It depends upon the cut 
and dimensions of the crystal slice. The crystal has relatively low 
value of R. The capacitances C and Cs are low and offer high im- 
pedances at low frequencies. At some frequency, known as series 
resonant frequency, the reactances offered by L and C are equal. 
If the frequency cu is increased, there is some frequency at which 
the combined reactance of Land C is inductive and is equal to the 
reactance offered by Cs. At this frequency the crystal acts as a 
parallel resonant circuit and the crystal vibrations are maximum. 



In a crystal oscillator quartz crystal is placed in place of reso- 
nant circuit. Several circuit forms are used. In a tuned plate crystal 

oscillator the crystal replaces the grid circuit from the tuned gri - 

tuned plate oscillator. The f^ed back takes place from the plate into 
the grid circuit through the internal plate-gnd inter-eiectro de 
capacitance O. of the tube. This causes 

These vibrations induce voltage on the faces of the cr> stal. 1 n 
acts on the grid of the tube and controls the energy released in the 
plate circuit. The oscillation can occur only when the Miller eftea 
Resistance in the input circuit is negative, which is possible when 
the anode circuit is tuned on the inductive side of resonance. 

(Gt Relaxation Oscillators. The oscillators so far discussed 
are sinusoidal oscillators. The output signal was a sine wave in 
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these oscillators There is another class of oscillators which nro- 

triangular, rectangular wave, etc. 
These are called relaxation oscillators. Among the important 
Tclaxation oscillators are the wulti-vlbrator and the blocking-oscil- 
too/-. The former provides a sensibly square wave in the cutout 
and the latter provides relatively narrow pulses. ^ 

The multi-vibrator can be considered as a two staee RC- 
coupled oscillator, with the output of the second stage couoled 
to the first tube. Depending upon the coupling, these are named as 
plate coupled or cathode coupled multi-vibrators. In this device 

second stage is in the phase with the input signal 

place which causes oscillations. <=cuuacK taxes 

In the blocking oscillator, the second stage of the multi- 
vibrator is replaced by a transformer, which is so connecte^Sat 
regenerative feedback results. mat 

4.3. MODULATION 

The need for modulation arose because of the human desire 

of sending usual audio or informational signals to long distances 
These signals are not suited to direct radiation as intensitj dei 
creases with distance rapidly. High frequenev level is the efore 

and in) a namber of messages having different energy levels can be 

transmitted simultaneously without interference. For this messaae 
is superposed over a high frequency r/- voltage. message 

Modulation is the process by which some characteristics viz 

fi“d1racco?Se” whh wave is modi’ 

wave) and modulated wave h o\Ta°ned Vy SperpSi^rS^Hy 

presented by the expression. any instant ns re- 

ec=Ec cos (cuct+d), /ggl 

where re is the peak amplitude of the carrier volta-e (-infA 
IS angular frequency of carrier wave and 9 is phase S’e ~ 

n following three ways : 

Sr 5irs"st “-.Sy 

wave ^keeomi'r^'andT^^*^'^ accordance with the modulating 
freVuen^yZllaaoT^ ' - known a! 

wave keemW^p^j^ modified in accordance with the modulating 

mJduhtion constant, this process is known asp/ij 
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4.4. AMPLITUDE MODULATION 

In amplitude modulation, the amplitude of the carrier voltage 
is modihed in accoxdance with the instantaneous value of the 
modulating voltage. Let the modulating voltage {signal) be repre- 
sented as 

Em cos OJmtf ••.(371 

where Ern is the amplitude of the signal of frequency 
Let the carrier voltage (//-wave) be expressed as 

ec=Ee cos o}ct, ...(38)” 

For convenience of calculation, phase angle ^ in Eq. (36) is 
taken as zero, as it plays no part in this modulation process. The 
earner frequency fc is usually much greater than the signal fre- 
quency fm and is chosen as larger as required for the transmission 
of the signal. The carrier wave amplitude modulated by a single 
signal component fm can be expressed as 

e = {Ec'\-KaEjm cos CjJmt) COS 0)ct, ...(39) 

where Ka is proportionality factor, which determines the miximum 
variation in amplitude for a given signal voltage En and K^Em cos 
oimt shows the change in carrier voltage amplitude. 

e^EtCOS U)ct~Ec[\~\-{KaE,nl Ec) cos Oimt ] COS OKt 

=^c[l cos Oimt] cos Oict=Ec COS 0)ct’{‘fniEc cos 0)mt cos 0)ct 

=^EcCOSo}ct~i~ j^tTlaEc COS {oJc'^’Oirji^t ^T}laEc COS (co.c — Wm)/, ...(40)' 

where ma=KiEmjEc is called modulation index or modulation factor 
Of degree ot modulation. So the modulation % will be iOO Xma. 

The Eq. (40) consists of three terms : (i) original carrier fre- 
quency term Ec cos act, representing the carrier voliaga, (//) upper 
liequency term as cos (a>c4-a>/rt)r and {Hi) lower frequency 

tCTui ^niaEc cos {(oo—ojm)t. Thesc uppci' and lower frequency term i 

represent respectively the upper side and lower side bani^^ These 

are located on either side of the carrier at a frequency interval of 
oim m their frequency spectrum. These are of same magnitude 
^maEe, The carrier voltage component transmits no information 
white these side bands give complete informatioa. 

\Vave form of Amplitude Modulated Voliage, Fig. 4.14(a) 

shows the waveform of unmoJulatei carrier voltage of radio tre- 
qaency. Fig. 4.1 4(//) shows the waveform of sinuioidal ^modulating 
voltage or modulating signal of audio trequency. Fig. 4.14 (c; 
show^ the waveform 01 amplitude moiuUred earner voltage a la 
that the Irequiucy of the earner remains uaaliered but its ampli- 
tade vanes aecording to tne variation of moduiatiag voltage, it i: 
clear Irom Fig. 4.14;^c) that 

muEc ^EaEm^Emox Ec, 
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or 


Also 


Hence 


Ifla^^Emaz — Ec)lEe, 
yn a = jEm i n)/^c . 


nta 


Emaa Emi n 
Emaa"\~Emin 


«-( 41 ) 

...( 42 ) 

‘«(43) 


# • 


Percentage of inodulation= 


'fna«* 




mtfi 


EmaX-^ Emin 


XlOO. ...(44) 


We have following cases 
of modulated waves : 

(/) When ma=0, Eq. (40) 
will show the pure carrier wave: 

(») When Wo— 0.5, per- 
centage of modulation is 50%. 
i.e,, the extent to which carrier 
wave is being modulated is equal 
to the half of its amplitude. 

(//7) When Wo=*l. percen- 
tage of modulation is 100%, 
the extent to which carrier 
wave is being modulated is equal 
to its amplitude or at the negative 
peak of €m the ec reduces to zero. 

(/v) When wa>l. the carrier 
wave is overmodulated, the 








^ yfiA » 


m(f. 


Fig, 4A4, 


creates 


wave IS overmodulated, the l -l fl> 

Eq. (40) is not valid for such ^ ^ 

cases. Near the negative peaks E\g 4 14 

of Cm signal the modulated wave will be absent which creates 
ulstortions. 

Enerp Distribution. Eq. (40) shows three components of 
fte modulated wave. These components have their values as 

FcjVI, maEcjl '/l znd maEtll^l corresponding to carrier compo- 
nent, upper side band and lower side band respectively. 


Ee^ . ma^E^ 


2R 


+ 


8R 


rria^Ec^ 

8R 


1 + 


i””* always +ve, hence the power dissipated by the 
modulated wave is always greater than the power dissipated bv the 
carrier wave only. ^ 


Power associated with side bands ma^Ee^l4R 
Total power contained ““ Ec%l+ima^)l2R~ 

=WaV(2+W«2). ...(46) 

For 100% modulation, wa— 1 and 

i>and/Ptotai=lj3. 
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Hence for 100% modulation only 1/3 of the total energy of 
the modulated wave is contained in the two side bands and rest 2/3 
part IS with the carrier component. 

Production of Amplitude Modulation. There are two main 

categories of methods of amplitude modulation 

{a) Linear Modulation Methods. In these methods linear 
portion of the tube characteristic is used. 

(b) Square Law Modulation, In these methods the square 
law region (curved portion) of the tube characteristic is used. 

Let now discuss only following two methods of the linear 
modulation type. 

(A) Linear Series Plate Modulation. A simple form of plate 
modulation circuit, utilizing linear class C tuned amplifier as mo- 
dulated amplifier, is shown in Fig. 4.15. It is named linear series 
plate modulator as the modulating voltage Cm appears in series with 

1 — ^ — , the plate dc supply voltage 
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Fig. 4.15. 


Ebb of tuned modulated 
amplifier. Thus the total 
effective plate supply (= 
Ebb-^€m) varies as the mo- 
dulating voltage €m and the 
peak tank circuit varies as 
ebb and hence as Cm. In the 
grid circuit the carrier frequ- 
ency voltage signal es from 
R.F. oscillator is applied. Grid 
bias voltage Eco is used in series 
with the signal. Thus the pot- 
ential between grid and cathode 


r 4.1. 4. i« L KiiU aiiU waiuuuc 

of the tube becomes ec^Ecc+es. As Ecc is fixed, hence grid voltage 
vanes as the carrier voltage es. The plate to cathode voltage 

eb—ebb — Cl. 

€Lf the instantaneous output voltage across the tank circuit. 




Fig. 4.16. 
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depends upon the modulating voltage c™, carrier voltage e> and the 
tube characteristic. When the modulating signal is having +ve 

voltage which is already due to carrier signal 
across the tank circuit will increase and when it is having — ve half 

cycle, the voltage across the tank circuit will fall. Thus rf output 
wltage amplitude vanes in accordance with the modulating signal. 
This results in linear plate modulation. The resulting wave form 
m the output is shown in Fig. 4.16. 

H, modulation process, we assume that 

the grid circuit potentials are 


...(47) 
... (48) 
...(49) 


€s Ec COS o>ct ^nd €c — Ece~\-Ec cos coct. 

Modulating voltage Cm—Em cos com/. 

. . €bb=Ebb-\-Em COS oSn%t=Ebb (I + /M 0 COS com/), 

where rna^EmlEbb, 

♦u current 7* arc related 

to the plate potential by linear relations as 

It—Ktebb, Ib~Kbebb and Ibb=Kb Ebb. ...(50) 

Combining Eqs. (49) and (50), we get 

It~Kt Ebb (1+/Wa COS COm/) 

Ib = Kl> Ebb (l+OTa COS mmt)=-Ibb (1+/Ma COS co«/). 

Corresponding to the rms tank current the instantaneous value 
tank current will be 

it y/'l It sin coc/=\/2 KtEbb (1+fna cos com/) sin coo/. 

The rms value of output potential across the tank circuit 

E.L=jXLlt = XLltl9(f. 


Instantaneous value of output voltage ^2El sin met. 


or 


€L=y/l Xilt sin (coc/+90°) 

= \/2 XljKtEbb (1+/Wa cos com/) COS Wet, 


-(51) 


At resonance Ro^L/RC ^nd Xt.IR^^w^LI{LICR)=w^CR^\IQ. 
yalue of plate current at resonant frequency Iv~ELlR^=jXLlilR 

^ =yA/e=(/*/C)/^ 

^-where R^ is the impedance of tank circuit at resonance. 

Instantaneous value of plate current h^\/2 h sin wet 
=V2 {ItlQ) sin (COC/+90'’) 

= V2 {KtEbbjQ) (l + 7Ma cos com/) COS co#/, -«(52V 
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^ L — — r r ^ — j. 

1 r r 1 f ^ 

= — Ebb Ib dt = -=r\ Ebb Ibb {\-{-m<iCO%uimt)dt 

T ] a ^ J 0 


The average power supplied by the dc power source 

. . T 

Pbb 

T] 0 

=Ebblbb=^K^Ebb^, 

The power input by the modulating source 

T 

Pm^ “'zr' I €m 


...( 53 ) 


1 fr 1 

— — €mh dt= — Em cos 0 )mt M(l+WaCOS 0 )mt) dt 

J J 0 i J 0 


•=\EmIbh ma^\Pbbma^. 

The ac output power across the tank circuit 

I r T 1 r ^ 

’o='^J €up j ^ Roip^ dt 


( 54 >. 




IR, 


^ cos <Omt)^ COS^ 0 )ct dt 


=^Ro{KtEbbjQ)^ (l + lma^ + ima^) 

=(RoKi^ PbbjQ^Kb) (14-^ma2). 

p 

Plate circuit efficiency ri= ® 


RoKt 


^.(55) 
...( 56 > 

Pbb+Pm Q^Kb 

This result shows that the plate circuit efficiency of the 
modulated amplifier is independent of the degree of modulation. 

The power dissipated in the plate of the tube is given by the 
relation 

Pp^Pbb+Pm—Po 

^Pbbil~-y)){l + lma^). 

The plate modulated amplifier is used extensively in radio 

transmitters. It has the advantages ; (0 distortion is small, (a) » 
operates at high efficiency, and (Hi) adjustments are easy, tp® 
disadvantages are : (i) large amount of modulating power is requir- 
ed, and (n) costly due to heavy and bulky modulating equipment. 

(B) Grid Bias Modulation. Fig. 4.17 shows the basic circuU 

of grid bias modulated amplifier. It consists of a class 

amplifier in the grid circuit of which the modulating signal em, j 

carrier signal and a 
fixed grid bias Ecc are m 
series. Due to the super- 
. — ^ ^ ^ position of em and es mo- 

e U ■ I ; I I dulated carrier wave is 

produced. The modulated 
carrier wave is further am- 
,, , plified by the valve. Thus- 

the instantaneous tank 
current is a sinusoidal 
wave of frequency, equal 
to the frequency of earner 
wave, and the amplitude 
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of which is not constant but varies as modulation frequency cam. 
Linear amplitude modulation is thus obtained. 

The general character of the operation of grid-bias modulator 

is shown in Fig. 4.18. It is 
assumed that the modulation 
characteristic is linear and 
that coc'^cjm. The carrier signa) 
is given by 

es — Ec cos (act. 

Modulating voltage em=Em cos 

<amt. 

Total varying grid bias 

voltage 

ecc^em~h^cc 

—Em cos (i>mt -\-Ecc, Fig. 4.18. 

Total grid to cathode voltage e^^Ecc+Em cos <amt^Ee cos (act. 
Over the linear range of operation, the rms value of tank current 
is given by the relation 

h—Kt (ecc — £Cq), •.-(58) 

where ec^ is the grid to cathode voltage for zero tank current. The 
instantaneous value of tank current corresponding to this rms value 
of tank current is given as 

it — ^/2 It sin coc/=V2 Kt (ecc — ec^) sin (act 

= \^2 Kt (Em cos camt+Ecc — fCg) sin (act 

= \/2 Kt (Ecc — ^Co) [l + {£'m/(£cc— CC q)} cos <amt] sin (act 
=/(' [1+mo cos (amt'\ sin (act, ...(59) 

where /Wa=modulatioo index=Em/(£^c”6Co), and 

(Ecc-Ec) 

As the dc plate current varies with ecc, hence on the parallel 
way one can write 


...(60) 


...(61) 


or 


Ib — Kb(€Cc — eco). 

After solving similarly, we get 

Ib = Kb (Ecc—ecf^(\ + ma cos (amt). 

Voltage across the tank circuit 

Ei.—jXi.Kt (£’cc — eco)(l+/Ma cos (atat). 

Instantaneous potential across the tank circuit 

€L — ^1 Xi^Kt (Ecc — eco)(l + /Wa cos (amt) siu (a;c/ + 90°) 
= '/2 XzKi (Ecc — ecfi)(l+ma cos CCmt) cos (act ...(62) 
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The average power input to the plate circuit by the dc-plate 
supply over the modulating cycle is therefore given by 


Pbb 


1 r r 2 rr 


EbbKb {Ecc — €c^=EbbIbb, 


...(63) 


This shows that the plate supply power is independent-of the 
degree of modulation. The average power output at the tank circuit 


=-vi: 


et ip dt 


~ t\o 


T €L 

CL, dt 


Eo 


1 (T 2 

Tfr (Ecc — eco)^(l+Wa cos wmt)^ cos^coct dt 

I Jo -^0 


T .0 

R<,Kt^ 


{Ecc-ec,Y^ 1 + 


Rh 


1 + 


rn 


i], ...(64) 


where R is the effective series resistance in the tank circuit. 


Plate efiSciency »j= 


RoKt 


KbEbbQ 


(Ecc — ccq) 1 + 



s 



mq 
2 

...(65) 

It shows that ») increases as we increase ma. The grid bias 
modulation has the advantages that only a small modulating power 
is required. It has disadvantages : (/) lower plate efficiency, 
(«) higher amplitude distortion and (Hi) more difficulty in adjust- 
ment. 

4.5. DETECTION 

The radio-frequency signal picked by the antenna of the 
receiver has the signal or intelligence. The process by which the 
signal is extracted from the modulated wave is known as detection 
or demodulation. Thus the detection is the inverse process of 
modulation. 


We know that the process of modulation is one in which the 
signal frequencies oim are shifted upward on the frequency scale 
and the sidebands are symmetrically disposed about the carrier 
frequency coc. In the demodulation process, the signal is shifted 
downward on the frequency scale and thus returning it to its 
original frequency position. Therefore, we see that both these 
processes involve frequency shifting. Similar circuits are used in, 
certain cases for both processes. In the modulating process the 
carrier signal is generated in one channel, mixed with the audio 
signal and generated in a second channel. While in the demodulat- 
ing process the required carrier wave is ordinarily contained in the 
receiving signal. Similar to the modulating process, the demodula- 
tion is also of three types : amplitude, frequency and phase 
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demodulations. The amplitude demodulation is further classified 
as ; (/) Linear demodulation and (h) the square law demodulation. 
Let us discuss below the diode detector only. 

Diode Detector : Diode detectors are generally used for the 
detection of amplitude modulated waves, as they operate very 
satisfactorily. There are two important types of operation of a 
diode detector : (1) average detection and (2) envelope detection. 
The circuit for the former type is just a simple diode rectifier with' 
out a filter in the output. It yields an output the average value of 
which contains the modulating frequency. The circuit for the 
envelope detection is a simple diode rectifier with a capacitor filter, 
as shown in Fig 4.19. in this, the amplitude modulated (AM) 
signal is applied at the plate of diode through radio (high) frequ- 
ency transformer. Diode, as half w'ave rectifier conducts only 
during the positive half cycle and thus eliminates the negative 
cycle of the .^Af-carrier waves. The 
positive cycle will thus appear 
across the output resistance R. The 
filter capacitor C across R is of 
sufficiently high value so it offers 
very small resistance f or high 
frequency carrier waves and relati- 4.19, 

^y high resistance for the modulating signal (low frequency). 
Theremre the carrier waves bypass or are short-circuited around 
R, while the modulating signal appears across R, 





♦ ojt 


Fig, 4.20 


During the conduction period the condenser charges to the 
peak value of the applied voltage. Since time constant CR is high 
so the voltage across R is almost maintained by the slow discharge 
of con^nser through i? during the successive pulses of positive 
cycle. The small change in the peak value of voltage is nothing 
but the modulating signal or the information we require. The 
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Fig. 4.20 shows the diode action and the variation of voltage 
across condenser in accordance with input amplitude modulating 
carrier voltage. It will be the same as across the output load R* 

It is assumed that the dc potential across the diode load 
remains constant over the carrier frequency cycle and the static 



Fig, 4,2L 

characteristic of the diode is linear. The operation of linear diode 
is shown in Fig. 4.21. An amplitude modulated wave 
(\-\-ma cos ojmO COS o^ct is applied to the diode. The diode 
will be biased by £*0 the current is discontinuous. The metno 
of analysis is follows : 

€b=Ec (1+Wa cos Uimt) COS ojct — Eq, ...(66) 

It may be more compactly written for one carrier cycle as 

eb=E' cos wct—Edj 

where ':the quantity E' is practically constant over a few cycles. 
The plate current will be of the form. 

ib—ebjrp~{E' cos coct — E^jrp ci>>0 

= 0 e&<0. ...(67) 

The shift from one equation to the other occurs at the angle 
01 . defined by 

ei>=0 or E' cos wct^^E' cos 6^=Eo. 

The instantaneous current /& will contain a number of harmo- 
nic components. The dc-coraponent of ib is given by 

2Tt Jo 

Because of the symmetry, it will reduce to 

l6= — ib d &= — ^ {E' cos 01— £4 

” Jo "'■2’ Jo na\ 

={£' sin ^ 1 — £o ^i)l^rv. 
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This becomes, by equation (68), 

Ib=E' (sin 01-01 cos 0i)/nrj). 

Since Eo=I>>R, therefore the above two equations give 

E' (sin 0,— gi cos 0,) 
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...(71) 


Eo E' COS01 


7.=-^ = 


rp 


R 


nrp 


1 


or 


^ == — (tan^i— 0i) 

R ^ 


.. (72) 


This shows that there is a direct functional relationship bet- 
ween the operating angle 0i and the ratio of the plate resistance 
of the diode to the load resistance. The detection efl&ciency 
diode detector, which is defined as the ratio of the average value of 
the load potential Eo to the peak ac-input £ , is given as 


£ 


0 


R 




Tzrp 


(sin Oi— cos^i) 


...(73) 


Since rviR is a constant of the circuit the conduction angles 
01 is also a constant for the circuit, Thus the Bi is independent o 
the degree of modulation. 

For the average detector, i.e., when the bypass or output 
capacitor is not used, the detection efficiency is given as 


Eo 

<1- jp. — 


R Ec (1 + wa cos wmt)ln(,R->rrp) 
Ec (1 + Wa cos Olmt) 


Rlrv 


JtU+7?/rp) 


...(74) 


4.6. MICROPHONES 

A microphone is an electro-acoustic transducer. It converts 
acoustic energy of sound vibrations into electrical ener^ which is 
in the form of audio frequency electrical vibrations. The micro- 
phones are very mucb used in telephones, broadcasting arrange- 
ments and electrical recording of sound. A good microphone must 
possess the following qualities : (1) the same response oyer the 
-entire range of audiofrequencies, (2) the linearity of response mth 
sound pressure, (3) the adequate sensitivity to have a large electrical 
output free from background noise , {5) robust reliable and easy 
to maintain and handle. 

All microphones may be classified into three groups— 

1. Pressure microphones. In these microphones the electrical 
output is proportional to and in phase with the acoustic pressure 
acting on one side of the diagram. The examples are the carbon 
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microphone, condenser type microphone^ crystal and the moving coil 
{dynamic) microphone. 

2. Velocity microphones, 

5. Hot wire microphones. 

Let us discuss these microphones in brief : 

(4) Carbon microphone. As shown in Fig. 4.22 a small 
enclosure E, formed by a carbon block A and a plunger P is loosely 
packed with very fine carbon granules. It thus forms carbon 
button. The carbon granules are made from anthracite coal and 
are free from dirt and magnetic material. A thin metal or carbon 
diaphragm rigidly clamped at its edges is attached with the plunger 

P. The microphone is connected in series with a battery and the 
primary of a transformer. 


When the sound waves from the speaker impinge on the 
diaphragm, they cause it to vibrate. As a consequence the plunger 
varies the pressure exerted on the carbon granules and hence the 
resistance across the carbon button. Hence the voltage across the 

secondary of the transformer is in accordance with the sound pres- 
sure exerted on the diaphragm. 



Fig. 4.22. 

The main advantage of carbon-microphone is that it is non- 
directional in nature and gives a large output with good frequency" 
response. On account of its large output, it is employed in tele- 
phone systems and radio work. Its disadvantages are: (I) the 
inconvenient need of a battery, (2) the steady background hiss 
resulting from random changes in carbon granules, (3) the uneven 
response at high frequencies and (4) the considerable harmonic 

distortion. 

(J5) Condenser microphone. It consists essentially of a thin 
stretched (nearly to its elastic limit) metal diaphragm D usually of 
steel or aluminium separated by a very small distance (^0.0025 cm) 
from a parallel rigid back plate P. The diaphragm and the plate 
form a condenser as shown in Fig. 4.23. A high d-c voltage (200- 
400 volts) is applied between D and P through a high resistance R 
(/-^20 megohms). 
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When the sound waves from the speaker impinge on the 

diaphragm, they cause it to 
vibrate. Hence the capacitance 
of the microphone changes. This 
change causes appreciable varia- 
tions in voltages across the load 
R, which are fed to the grid of 
the amplifier through a blocking 
condenser. 

The condenser microphone 
possesses extremely uniform Fig, 4.23, 

response over a major portion of the audio-frequency band and'is 
almost free from background hiss. It has low sensitivity and thus 
requires at least one stage of preamplifier. Due to these reasons the 
condenser microphones are unsuitable for use in high quality sound 
system. 

(C) Crystal microphone, A crystal microphone* depends 
for its operation on piezoelectric effecty in which the mechanical 


id) ib) 

Fig. 4.24. 

stress causes electrical oscillations. Rochelle salt crystals exhibit 
this effect about a thousand times greater than that by quartz. 
There are two types of crystal microphones, the diaphragm type 
and the sound cell type. In the former type two very thin circular 
slices A and B of Rochelle salt crystals are cemented together with 
foil electrodes, as shown in Fig. 4.24 (^i). This whole arrangement 
is called bimorph plate. When the sound waves from the speaker 
impinge on the faces of a bimorph plate it is subjected to pressure 
and tensile stress This produces a mechanical bending, analogous 
to the bending of a beam supported at the two ends with a weight 
placed in the middle and thus causes a piezoelectric emf across two 
electrodes F and Q, 

The sound cell type is the improved form of the above simple 
type. Its output is more and frequency response is more perfect. It 
consists of two similar bimorph plates mounted together with a. 
small air gap between them. This air gap minimises resonance 
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effects. This whole system is mounted in a frame of insulating 
material and is made so small that its resonant frequency is above 
the audible range. When the sound waves from the speaker 
impinge on the crystal microphone, each bimorph plate vibrates 
like a diaphragm and as a consequence a varying piezo electric emf 
is generated across each bimorph plate. These are added by suit- 
able connections and then fed to an amplifier, 

A crystal microphone is less expensive practically nondirec- 
tional and is widely used in speech distribution with high fidelity. It 
has a high sensitivity audible frequency. 

(D) Moving coil electrodynamic microphone* It depends for 
its operation on the generation of induced emf in a coil when it 
moves in a magnetic field. As shown in Fig. 4.25, it consists of a 
light diaphragm D with which a small coil C is rigidly attached. 
This coil is located in the annular space between the central pole 
piece and the peripheral pole peace of a powerful pot magnet M. 
To increase the stiffness and hence the resonant frequency of the 
diaphragm it is made domes hoped at its middle. The coil consists of 
a large number of turns of fine wire and is called the voice-coiL A 

silk cloth S is attached to the pole pieces 
to provide requisite damping at the 
resonant frequency and to improve high 
frequency response. 

When the sound waves impinge on 
the diaphragm they cause it to vibrate. 
The voice coil attached to it thus moves 
in the radial field between the pole pieces 
of the magnet M. This causes the change 
in magnetic flux linked with the coil and 
as a consequence the induced emf is pro- 
duced in the coil, which may be fed to 
Fig* 4*25* the grid of the first valve of amplifier. 

Therefore, the induced emf is proportional to the acoustic pressure 
on the diaphragm. 

A moving coil microphone has relatively good frequency res- 
ponse and high sensitivity. The microphones of this type are 
robust, highly non-directional and are widely used as good purpose 
high quality microphones. 

{E) Velocity-ribbon microphone* It depends for its opera- 
tion on the phenomenon of electromagnetic induction, like a 
moving coil microphone. It consists of a thin corrugated ribbon ot 
aluminium suspended edge-wise between the pole pieces of a perma- 
nent magnet. The stiffness of the suspension system of the ribbon 
is made so small that its resonance frequency is well below the 
audible range. When the sound waves impinge on the ribbon, they 
cause it to vibrate. The magnetic flux linked with it thus changes. 
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As a consequence a varying induced emf is generated in the ribbon, 
ihich is proportional to the sound pressure and given by the 

£=5/v. 

where B is the magnetic flux density, I is the length of the ribbon 
and V its velocity. 

A velocity- ribbon microphone has an excellent frequency 

IS lo” u> i *=iT»bi?b" 

simplicity. It is bidirectional in its response. If « « tne angi 
the incident sound waves make with the normal th _. 

gradient and hence or 180®) and will 

ponse will be tnaximum for normal incident or \w ) ana 

be zero for 0=90® or 270 . 
p.a,,.S wtip 

Lp»,T. cS, ”r« 

waves have the frequency equal to the ^ effect, 

resonator, this type of microphone wiA a raa 

The hot wire microphones are generally used in sou y 

sound ranging and determination of sound velocity in air). 

4.7. LOUD SPEAKERS 

The audio frequency oscillations produced 
are weak and hence are amplified. To obtain the 

back from these oscillations, loud- speakers are used These lOTU 
speakers must generate sound waves which ^t 

and frequency distortions and the efficiency ® 

all frequencies. The loud-speakers are of the following types . 

(A) Fixed Coil Loud-speaker. It consists of a permanent 
magnet M. To the ends of the magnet are attached soft iron pole 
pieces PP over which two field coils are 
wound. A diaphragm D of iron alloy is 
in front of the magnetic pole pieces. When 
the amplified audio frequency oscillatory 
current is fed into the field coils, the diaph- 
ragm is attracted towards the magnet with a 
varying force. As a consequence the dia- 
phragm vibrates with the frequency of voice 
current and the sound reproduces. 




This type of loud-speakers is generally 
used in telephone receivers because of its feeble 
response at low frequencies and distortion of 

loud sounds. 




Fig. 4.26. 
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(B) Dynamic Core Loud-speaker. It depends for its opera- 
tion on the fact that a current carrying conductor, when placed in 
magnetic field, experiences a mechanical force which is directly 
proportional to the current strength passing through this 
conductor. Its output is comparatively large and almost free from 
distortion. 

It consists of a permanent pot magnet. In the annular gap 
between the pole pieces of which a circular coil C, called voice 
coily is suspended. This coil is rigidly attached with a diaphragm 
of waxed paper or fibre which is in the form of a cone. The mag- 
netic field is radial and is perpendicular to the coil winding. To 
increase the stiffness the cone is made dome-shaped D at the 
round apex and has circular corrugations at the rim. It is supported 
round its outer edge in a flexing mounting. The assemble of voice 
coil and the cone is free to move as one unit along the axis of the 
coil. 

When the amplified current due to the sound waves is fed 
into the voice coil, the coil experiences a force in the direction 

perpendicular to both the magnetic 
field and the current directions. Its 
direction is determined by Fleming’s 
left hand rule. As the current fluctu- 
ates, the mechanical force also fluctu- 
ates likewise. The result is that the 
coil moves to and fro along its own 
axis in the annular gap. The diaph- 
ragm therefore fluctuates and produces 
sound. 

This type of loudspeakers is most 
Fig, 4J7, commonly used these a days because 

of the small size and low cost. It has 
a fairly uniform frequency response. Its eflSciency is very low 
hence to obtain suflScient sound output a large cone and consider- 
able amplitude must be used. 

(C) Horn-Type Loud-speaker. It consists of a moving coil 
driving arrangement and an exponential horn, as shown in 
Fig. 4.28, A light diaphragm D of duralumin is made in the 
form of a spherical shell and is placed within the voice coil C. 
These two are attached to a flexible annules. In front of the 
diaphragm is mounted an exponential horn in which the cro^- 
sectional area increases exponentially with the distance from the 
throat r. A cylindrical plug P is placed in front of diaphragm to 
reduce the effective size of the air chamber, the area between the 
diaphragm and the throat of the horn. This will make the distance 
from each part of the diaphragm to the throat as nearly equal and 
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thus cause acoustic waves to arrive at the throat in the same phase. 



Fig. 4.28. 

When the amplified current due to sound waves is fed into 
the voice coil, which is placed in the radial field of the electromag- 
net, the coil experiences a force and diaphragm starts vibrating. It 
produces sound at the throat of the horn, which travels along the 
horn without undue disturbance. 

4.8, TRANSMITTERS 

A radio transmitter produces radio frequency energy that is 
controlled by the intelligence to be transmitted. The transmitters are 
classified as the frequency groups : 

(0 KLF(very low frequency '-^10— 30 kc/s), 

(//) LF (low frequency'--30— 300 kc/s), 

{Hi) MF (medium frequency^^SOO — 3000 kc/s), 

(iv) HF (high frequency'^3— 30 Mc/s), 

(v) VHF (very high frequency^30— 300 Mc/s), 

(vO (ultra high frequency '-'300 — 3000 Mc/s), 

(vii) SHF {super: high frequency^3000— 30000 Mc/s). 

According to the use, the transmitters are of two types : 

{a) radio telegraph transmitter, 

(b) radio telephone transmitter (broadcast). 

The latter is fitted with modulation equipment while the 
former is fitted with keying" system to change the information ini 
telegraph code. According to the methods of modulation, radio 
telephone transmitters can be classified as : 
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(1) amplitude modulated, 

(2) frequency modulated, 

(3) phase modulated transmitters. 

We shall discuss here only amplitude modulated transmitters. 

Amplitude Modulated Transmitter, In these transmitters 
the energy control is by amplitude modulation. There are two- 
channels in ^Af* transmitter, as shown in block diagram 4.29. 



Fig. 4.29. 

(1) RF-Channel. The radio frequency channel of the trans- 
mitter consists of the circuits wherein the carrier wave is generated, 
amplified and modulated. They may broadly be classified as : 

(n) Master oscillator. The desired frequency is generated at 
low power level by a crystal controlled master oscillator. The 
temperature of the crystal is kept constant. A variable capacitor 
is used in the grid circuit for the minor adjustment in the operating 
frequency. 

{b) Buffer and Intemediate power amplifier. Low gain (buffer) 
amplifier serves to isolate the oscillator from the succeeding stages. 
It is followed by an intermediate power amplifier which increases 
the power level of the carrier wave. 

(c) Frequency multiplier. If the frequency of the oscillator 

is lower than the radiated frequency, the frequency multipliers or 

harmonic generators are introduced along with the intermediate 
power amplifier. 

{d) Final power amplifier. The final power amplifier operates 
at highest power level to increase the power output of the trans- 
mitting system. When the modulating voltage is applied to mis 
final rf stage, we call it high level modulation. In some cases modu- 
lated amplifier is followed by linear amplifiers and finally the energy 
is fed to the antenna lor radiation. 

(2) AF-Channel. This section generates and amplifies the 
modulating sigral. The components are : 
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(fl) Microphone, It Converts sound cilefgy into electrical 
energy. The taicrophones generally used have already been dis- 
cussed in the article 4.6. 

{b) Audio amplifii^r unit. It consists of modulation and modu- 
lated amplifiers. The first stage is an audio power amplifier. The 
audio frequency power is then increased by power amplifier to 
modulate the carrier, 

(c) Circuits for improving performance — Negative feedback 
circuit is used to improve the performance of an amplitude modu- 
lated transmitter. A portion of modulated output is rectified and 
fed in opposite phase to the input of modulation amplifier. This 
reduces amplitude, frequency and phase distortions, which may 
otherwise occur in different stages of R.F. channel. A limiting 
amplifier is used to minimise the possibility of over-modulation. 
Volume compressor is used to raise the modulation. 

{d) Power supplies. Radio-transmitters are classified as 
direct current operated and alternating current op?rated. In the 
former, direct current is used throughout filament, bias and power 
supply. In the latter, the a-c is used directly in filament and 
through rectifiers in plate and grid circuits. 

4.9. RECEIVERS 

The device used to convert the transmitted radio waves 
into informational signals are called receivers. There are various 

types of receivers, but the fundamental performance of all receiv -rs 
is the same. 

Basic Functions of Receivers. The basic funedons of a radio 
receiver are : (i) reception of radio signal at the auteana, {ii} 
selection of the desired R,F. signal (the radio wave from a parti- 
cular station) and rejection of all others, (Hi) amplification of this 
R.F. signal, (iv) demodulation of the R.F. signal to get back the 



Fig. 4.30. 

original modulating voltage and (v) reproduc tion of the audio- 
frequency signal by feeding this modulating voltage to an indicaio: 
(a loudspeaker in the case of radio broadcast). The simple basic 
radio receiver block diagram is shov/n in Fig. 4.30. 
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Parameters of Radio Receivers. The performance of a radio 
receiver is determined by means of certain characteristics or para- 
meters, sensitivify. selectivity, fidelity, stability, noise figure 
and signal to noise ratio. 

Sensitivity. It determines the ability to respond to weak 
sigral vebapes. ie.. the minimum strength of an input signal 
necessary for producing a standard output signal. 

07^ Selectivity^ It determines the extent to which the 
receiver ic capable of differentiating between the desired signal and 
the unwanted signals. 

fi77) Fidelitv. It is a measure of receiver’s ability to repro- 
duce the intelligence of the signal. For a good fidelity, the receiver 
should have a reasonable large and uniform frequency response 
over almost the entire audio frequency band. 

OV) Stability. It is a measure of receiver’s ability to deliver 
a constant output power for a given period of time when amplitude 
and frequency of the input signal remain constant. Instability 
in the receiver arises due to the variations in the output voltage of 
power supply unit, temperature changes and the mechanical 
imperfectness. 

(v) Noise figure. It is a measure of the extent to which the 
noise appearing in the receiver output in the absence of a signal is 
greater than the noise present in a perfect receiver generating the 
minimum possible noise. 

(vi) Signal to noise ratio. It is the ratio of the signal power 
output to the noise power output. It should be high for the 
satisfactory reception. 

Classification of Radio Receivers. Radio receivers are classified 
in many ways. Based on modulation process they are classified as : 

(1) Amplitude modulated (AAf) receivers. These are meant 
for the programmes radiated from amplitude modulation broadcast 
transmitters at long, medium or short wave bands. 

(2) Frequenev modulated (FA/) receivers. These arc meant 
for the oroaramraes radiated from frequency modulation broadcast 
transmitters operating usually in the very high frequency (VffP) 
range. 

n) Televhinn receivers. These are designed to receive TV 
broadcast on Fi/Fand (ultra high frequency) range. 

^4) Radar receivers. These are designed to receive radar 
signals. 
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A.M. receiver may broadly be put info two categories: (/) stra- 
ight receivers, which operate in a straight forward manner without 
any*frequency conversion and frO superheterodyne receivers, which 
first convert the incoming R.F. signals into standard intermediate 
frequency before detection. The former are not commonly used 
these days, but useful in understanding the receivers. 

fA) Straight rfceivers. Let us discuss simple circuits of 
straight receivers. 

Tn the tube straight receiver with grid leak detector, 

Wacuum tube along with Ri—Cg combination and by pass 
condenser C acts as the grid leak detector. The bypass capacitor 
bypasses the R.F. components allowing only the audio frequency 
components to fiow th<*ough the headphone. The circuit diagram 
with the four essential functions of the receiver is shown^n 
Fig. 4.31. 



Fig. 4.3L 

Sensitivity of the single tube straight receiver with grid leak 
detector is poor and may be improved by using one or more stages 
of audio frequency amplification. The A.F. amplifier stages may 
either be i?C- coupled or transformer coupled. The first stage 
provides voltage amplification and the second stage provides power 
amplifications. These stages are in between detector and the loud- 
speaker. The a.f. output power is large enough to drive a loud- 
speaker. 

In the single tube straight receiver with regenerative detector, 
vacuum tube along with Rg-Cg combination and bypass 
condenser C acts as the grid leak detector. The voltage gain of 
' the circuit is considerably increased by the regenerative feedback 
f or positive feedback through coil Lr which is inductively coupled 
to the coil L of the tuned circuit. The receiver thus has high gain, 
f and a tendency of sustained oscillations. 
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Sensitivity of the single tube straight receiver with regenerative 
receiver may be improved by using one or more stages of A.F. 
amplification. The output is now large enough to drive a 
loudspeaker. 



Reception 



Selection 



Dete^^tion 


I Reproduction 


Fig. 432. 

T.R.F. {Tuned radio frequency) receivers. The overall per- 
formance of the above discussed straight receivers is poor as the 
background noises are also amplified to the same degree as the 
signal. This defect (poor selectivity) may be removed by adding 
one or more additional tuning and R.F. amplifier stages. The 
tuning circuits are usually adjusted simultaneously by a single gang 
capacitor tuning control. These tuning stages produce amplification 
of the received signal in addition to improve selectivity. The R.F. 
amplifiers has a very narrow band width and thus amplifies only a 
narrow band of frequencies. Receivers that use R.F. amplifiers to 
provide the frequency seleciiviiy and amplification are known as' 
tuned radio frequency receivers or T.R.F. receivers. The selectivity 
increases as the number of tuned stages increases. The block 
diagram of a typical 5-valve T.R.F. receiver is shown in Fig. 4.33. 



speoker 

Fig. 433. 

This has two tuned R.F. amplifier stages followed by a detec- 
tor and two stages of A.F. amplifiers. The R.F. amplifiers work as a 
frequency selective network, detector rectifies and removes the 
R.F . component of the signal, the first stage A.F. amplifier provides 
voltage amplification and the second stage provides the power 
amplification. In this way the amplitude of the audio signal is 
increased to a value sufficient to drive a set of headphones or a 
loudspeaker. The volume control is made by varying the strength 
of the signal in the primary of the antenna coil. 
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The T.R.F. receiver with one or two tuned R.F. amplifier 
stages has enough selectivity. The use of too many tuning stages 
may increase the selectivity but at the cost of fidelity. The another 
disadvantage of the T.R.F. receiver is that the amplification or 
gain of this receiver is not constant over the tuning range of the 
receiver, as the selectivity decreases with the increase in frequency. 


(B) Superheterodyne Receiver. In ‘superheterodyne receiver 
the signal voltage is combined with a local oscillator voltage and 
converted into a new signal. The new signal has the same modu- 
lation but a lower carrier frequency, called intermediate frequency 
(IF). It is then amplified and detected to produce original 

modulation. ^ 

* 

These receivers are better than the tuned radio frequency 
receivers bet ause of the improved selectivity, improved signal to 
noise ratio, suitable operation and higher stage gain. 

The blech diagram of a superbelercdyne receiver is shown in 
Fig. 4.34. Let us discuss different stages in brief. 
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(1) R.F. Amplifier. The radio-frequency amplifier uses one or 
more amplifiers operating at the frequency of the incoming signal to 
raise the voltage level. It is used for eliminating certain forms of 
interference common to this receiver and thus called the preselec- 
tion stage. In general pentode tube is used and a combination of 
R and C provides cathode biasing voltage. The output of this stage 

is coupled to converter (or mixer) stage by means of a trans- 
former. 

(2) Mixer. The incoming R-F signal /« is mixed with slightly 

lower or higher frequency /« from the local oscillator. As the 
band of frequencies generally comprises an amplitude modulated 
earner with side bands (/ c., frequencies/.. and /-b/m), hence 
on mixing the sum and difference frequencies are formed. ' ■ 

It IS done with the help of pentagrid ccrveittr. Grids 1 
2 and cathode work as oscillator com.ponents. Grid 2 acts as anode 






150 


Electronics 


for local oscillator. Radio frequency signal after preselection stage 
is applied to the grid 4 by means of transformer. When the 
high tension is switciied on, the local oscillations are set up in the 
oscillatory circuit wmch send oscillatory electron stream towards 
grN! 3. The signal applied to grid 4 further modulates this 
electron stream, ihe plate current of the pentagrid will then 
comaiii 1 requ^iKies fs, /q, fs /«“/» 

+A*»/5~yn — Aw and tluir harmonics. The sum and difference terms 
will have ainphuidc proportional to the product of the amplitudes 
Ci lii^i'viduai ticqucncy component. All these frequencies are not of 
interest. Only /«— /o+A and /s— /©— /m are of our interest. 

The frequency /o is so chosen that /«— /o=/fc where fk is the desired 
constant frequency. It is generally intermediate in value between 
fs and/7n and hence called the intermediate frequency » 


(3) I-F Amplifier, The anode of the converter is connected 
with a tuned transformer. Since fk is usually lower than /«, the 
tuned circuits in the intermediate amplifier may be made more 
selective than possible at signal frequency. To have a very good 
response of the intermediate-frequency amplifier, the doubly-tuned 
transformers are used to couple the amplifier circuit at input 
and output both. The selectivity of the receiving system may be 
increased by using large number of tuned circuits each of the 

improved selectivity. This stage provides better gain and high- 
selectivity. 

(4) Detector, The output of the /-T' amplifier is fed to The 
detector circuit through the secondary windings of its transformer. 
The modulation frequency fn is thus derived. 


For the signals such as telegraph transmission which is broken 
into dots and dashes, the output is only the d.c. To make them 
audible a separate beat frequency oscillator is used. Its frequency is 
ftt which difiers from fk by a few hundred or few thousand cycles. 
Sincc/fc is the same for all signals, hence fy may be fixed and 
preset to keep this difference and to make the dots and dashes 
audible. 


(5J A-F Amplifier, The output of the detector stage is fed to 
the A-F amplifier through R-C coupling. The fiaal stage of the 
receiver circuit, the loud-speaker thus converts etectrical energy 
into sound waves. 

(6) Power supply unit. A full wave rectifier is used to provide 
the necessary power to the different stages of the receiver. 

The superheterodyne circuits are now very much used for 
radio receivers on account of easy design for selectivity and high- 
gains. 
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The main difficulty of this receiver circuit is tne presence of 

image frequencies, or me possiDility of reception of iwo signal at 

one contioi setting. For instant, two signals 545 he and 1455 kc 
can be received with /(,= 10'J0 kc and yA:=455 /cc. These image 
responses can be suppressed by introducing additional selectivity 
at the signal frequency to lower the strength of the uadesirec 

signal. 

It is desirable to use as large intermediate frequency as pos 
sible for a good signal selectivity. But the increase of this frequcac> 

decreases the adjacent channel selectivity- To have a better com- 
promise the value of the intermediate frequency has been selected 
as 465 kHz, For the excellent signal selectivity and the excellent 
adjacent channel selectivity, a double superheterodyne receiver or 
triple detection receiver is used. In such a receiver, the two mixer 
circuits are used- The signal is first reduced by first frequency 
converter to first intermediate frequency of high value of the order 
of 2 to 3 MHz. The second frequency converter then hydrodynes 
this signal to second intermediate frequency signal to provide ade- 
quate adjacent channel selectivity. The first converter provides high 
image signal selectivity. This receiver is named double super hetero- 
dyne receiver because the frequency heterodyning is done twice- 
As the frequency conversion is basically a detection, in this receiver 
all three detectors are used and hence the name triple detection 
receiver is given to this receiver. The block diagram of double 
superheterodyne receiver may be in the following order : 

Receiving antenna->R.F. amplifier stages->-first mixer with 
first local oscillator -J-first l.F. amplifier->-second mixer with second 
local oscillator^second l.F. amplifier-^detector->’audio amplifier-*- 
loudspeaker, 

4.11. FREQUENCY MODULATION RECEIVERS 

These days, F.Ai. receivers find extensive use in broadcast 
services. These are basi cally same as the A.M. receivers. The 
F. M. receivers are superior to A.M. receivers on account of 
following reasons : 

(i) The carrier frequencies are much higher and can be varied 
over a wider range. 

(») The bandwidth is wider to accomodate the wide range of 
the signal. The F.M. stations operate on assigned frequencies ran- 
ging from 88 to 108 MHz. 

(Hi) The adjacent channel selectivity is greater. 

(iv) The output of the receiver is practically free from external 

noise. 

(v) The image frequency interference is rarer, as the inter- 
mediate frequency value is very high (^10.7 MHz) and its double 
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exceeds the 

MHz). 


complete span of RM. band (88—108 


(v/) The signals of two stations operatinc on the samp fr^j 


(vii) The intermediate 
one or more limiter stages, 
determined level and thus 
ii*ay be ircidently caused 

path. 


frequency (I.F.) amplifier may contain 
which limit the I.F. voltage to a pre- 
remove all amplitude variations which 
due to changes in the transmission 


demodulator) to 

reproduce the irlelligcrce is used in place of A.M. detector. 

'' connected in between F.M. demo- 
the transmitt^ ^ amplifier to remove the pre-emphasis inserted at 


For good fidelity, two or more loudspeakers are used, 

each reproducing a limited range of frequencies. 

The block diagram of a superheterodyne F.M. receiver is 
shown in Fig. 4.35. Except the frequency differences, the F.M, 



Fig. 4.35. 

receiver follows the design of the A.M. type until the limiter is 
reached. There the varying amplitude signals are reduced to a 
common level and the signal passed to the F.M. demodulator 
(discriminator). The output of the discriminator is the original 
signal, which is further amplified and applied to the loudspeaker. 

Exercises 

Example J. In a tuned grid oscillator, the tuned circuit consists 
of a coil inductance L~150 fxH and resistance J0Si» in shunt with a 
tuning capacitor of capacitance 300 pf If the vacuum tube used has 
A* calculate the maximum value of mutual induc- 

tance M between the grid and plate coils necessary for starting the 
oscillations. 

We know that gm=pLRLClM{Lfx—M). 
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Since hence gm= 




fiRLC RC 


Of 


M^ 


RCrp 


rp MLi^ M ' 

10x300x10-^2x10x103 


15 


2x 10 * henry. 


Example 2. A tuned anode oscillator has a tube of amplifica- 
tion factor ^=30 and dynamical plate resistance rp~30 kS\»* The 
anode circuit resonant frequency is 400 'K 10^ radiansjsec and induc- 
tance L—40 milli henry. If the frequency of oscillation is 0.05% 
above the resonant frequeiicyy calculate the minimum value of mutual 
inductance between the grid and plate coi! to sustain continuous 
oscillations. Assume effect of inicr-cUctrode capacitances to be 
negligible. 

Angular frequency of oscillation 6o=tuo(l +i?/2rp). 
a> .. a .. R 




= 1.0005 = 1+ 'A— = 1 + - 


0 


2rv 


'2x30,000 


or 


i?=30fl,. 


30 


Mutual conductance gm= — 

rp 30,000 


Tuning capacitance C= 


1 


= 10‘'3 mho. 


I 


” (4x103)2x40x10'* 

= 156.2 pf 

The minimum value of mutual inductance M to sustain oscil- 
lation is given by 

L-¥CRrp 40X 10-3+156.2 X lO'^^X 30x 30X 10« 


M= 


30 


= 1.338 X 10 3 henry. 


Example 3. A coil in a hartley oscillator has two sections of 
inductances of 90 mH and 30 mH. If the latter portion is in the grid 
circuity the tuning capacitance is of value 100 pf and p- of the valve is 
^21. Calculate the critical inductance for maintaining oscillations and 
\the oscillator frequency. 

^ We know that for a harmonic oscillator 

' /i=(Li+M)/(L 2 +M), or 21 = (90+ A/)/(30+M) 

\t M= - 27 mH. 


The oscillator frequency /= 


1 


2ti [C(Zi+£2-2Af)?/2 

1 


2x 3. 14 [100 X 10'^2(90+ 30+2 X 27) x 10-3]i 
38 kcisec. 
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Example 4- In a Colpitis oscillator ^ the values of the inductance 
and capacitances in the tuned circuit are : L—40 mH, Ci=200 pf 
and € 2=500 pf. find the frequency of oscillation. If the output 
voltage is 100 V, find the feedback voltage. What should be the 
minimum gain if ine frequency is changed by changing L alone 7 
What shouid be the value of Ci for a gain of 10 ? What will be the 
frequency now 7 

In a Colpiits oscillator, a series combination of Q and Cj is 
in parallel wun inductance L and the frequency of oscillation is^ 
given by 

/= ^ 

2« V LCea 2^5 V LCiCa/CQ+Ca) 

Substitution of the numerical values gives 

1 

2^5^ 40 X 10-»x 100 X 10-12 X 500 Xl0"i2y(iu0x iQ-w+SOOX 10"‘*) 
=87.2 k Hz. 

Since the output voltage is across Cj and is proportional to 
Xox and the feedback voltage is across and proportional to 

. Vq _ Xcx XjoiCx C 2 

F/&“ Xc^i Cl • 

or F/6 =FoCi/C2=100x lOOx 10"iV500X 10"“=20 volts. 

Since the gain depends upon and Cg only, and is indepen- . 
dent of L. Therefore the gain 

= 500x lO'^Vl^lOx 10 ' 12 = 5 . 

For the gain equal to 10, the value of is given as 

CJC^=l0 or Ci=C2/10=50 /?/. / 

1 

/ 

In this case the frequency 

^ 21^^40 X 10“® X 50 X 10-12 X 500 X 10-i2/(50 X 10“i2+ 500 x l0"i^ 

= 118.1 kHz. 

Example 5. In a linear series plate modulated amplifier, th ^ 
plate supply voltage is 300 volts and the dc plate current under un , 
modulated condition is 20 amp. The sinusoidal modulating voltag , 
has amplitude of 150 volts. The unmodulated output carrier power * i 
4.5 k.W. Calculate (/) the modulation index. carrier powet,. 
{Hi) plate circuit efficiency and (iv) plate dissipation under unmodulu- 
ted and modulated conditions. 
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Em 150 

Modulation index ma= — ^00 2 ' 

d.c. power from plate supply source />66=£6t. ict = 2C0X 20* 

=-6000 watts. 

As a.c. output carrier power is 4.5 kW=450Q watts, hence the 
plate circuit efficiency rjp=(,4500/6000) X 100—75 /o. 

Under modulated condition, the carrier power P=Pac [l + imJ] 

=4500[1+K0-5)-]-^ 5062.5 watts. 

Therefore the plate dissipation under unmodulated condition 

P,.=/>6b-£„c = 60C0-4500=1500 watts 

and in under modulated condition=£j.t [1+i md^] 

= 1687.5 watts. 

Example 6. An AM broadcast station transmits 10 kW of 
carrier power. If the modulation index is 0 . 7 , find the power m each 
sideband, the total transmitted power and the percentage of total 
power to the carrier. 

The total power in the modulated wave = Power content of 
the carrier+Power content of the upper and lower side bands, i.e., 

Pt=Pc+Pusb'^Plsb 

AW <2^ 

since Pusb—Plsb = — ^ — Po, hence 

PT=Pc{i + imd‘). 

In this problem, ma=0.7 and Pc=mw, hence the power 
in each side band 

PuSB-=PLSB = ima^Pc=iX(0.1fXl0X 10 » 

= 1.225 kW. 

Pr=10xl03 [l+^x(0.7)2 ]“12.45 fclP 

Pc/Pr= (l + iffJa2)-i=0.803. 

% of the total power to the carrier-=80.3%. 

Example 7. An audio signal which is given by 25 sin (27t 70000 
modulates a carrier given by 75 sin (27t l,50,000t). (a) Calculate t e 
modulation factor and percentage modulation, (o) What is tne 
frequency of the audio signal and that of the carrier, (c) What 
frequencies would show up in spectrum analysis of modulated wave l 
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th^t peak value of the audio sigaal-25and 

that of earner signal is 75. Therefore ® 


modulation factor wo 


25 

75 


1 

3 


Percentage modulation=maX 100%=33.33%, 
Frequency of the audio signal /„= 1000 
and the frequency of carrier signal /a = 1,50, 000. 

of a S?ed w!:« '»=• “P ta 'be 'Pec"«" 

/p = 1,50,000 Hz 

/p +/a = 1 , 50,000 + 1 , 000 = 1 , 5 1 ,000 772 

/p—/« = l, 50, 000— 1,000=1,49.000 Hz. 

rtf transmitter is to deliver a total p owe f 

win^ fZ l TT/c modulation is to be 100%. Deter- 

mine the power contained of the carrier frequency. 

carrieT^ave°^^^ modulated wave is related with the power in 

Pm = Pc (l+^ma^). 

In the present problem /Wa=100%=l, Pm=Pr=100 watts. 


100=P 


(■«) 


or Pe=100x 


66.66 watts. 


hns ^ circuit of the oscillator in a radio receiver 

has values L=%0^H. C=^350 pf 0.,,=2O and £=10 vrt/«. Find 
the rtrtwf resonance frequency of W cycles ! sec, (b) 

tank circuit should be adjusted so that its resonant fre- 

oscillator. The L and C should 
oe related with the resonance frequency as 

/-=I/27c(IC)'/« or C^\l4nYr^L. 

1 

4 x 3 . 142 X 1012x80x10'®' 

The impedance of the tank circuit at resonance 

Z=>ee//Zi=2e//27t/rZ=r20x2x3.I4xI0®x80xl0'i 

= 10053 ohms. 
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Hence the power supplied to the tank circuit 

/^=rg/=g«/^=10Vl0053«9.95xl0"» watt. 

Energy stored per cycle in the tank circuit 
ff'‘=Cg'=316x lO-i^X 103=3.16x 10-^watt/cycle. 

Example 10. An AM-receiver is tuned to 1000 kHz. Determine 
the local oscillator frequency and the image frequency. 

For amplitude modulated receiver the intermediate frequency 
is 455 kHz. Since the local oscillator is tuned with the RF amplifier 
so that its Irequency always differs from the signal frequency by an 
amount equal to the receiver's intermediate frequency. Thus the 
local oscillator frequency 

/o=/«+455=1000+455=1455 kHz. 

Since the image frequency=signal frequency+2x inter- 
mediate frequency. 

/. image rrequeocy= 10004-2 X 455= 1910 ArT^z. 


Oral Questions 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 

9. 

10 . 
n. 
12 . 

13. 


What is the function of a vacuum tube in an oscillator circuit. 

What is meant by negative resistance ? 

How may feedback oscillator circuit be classified ? 

What is the principle of magnetostriction oscillator ? 

What aic the bas'c requirements of an oscillator ? 

W'hat is meant by self-biasing of the oscillator ? 

What is Baikhauscn cmeiion ? 

V/hai are ihe diiicrcnces between tuned anode and tuned grid oscilla 

W'hat is the principle of Hartley oscillator ? 

What is rr.eani by mcduUiion ? 

How may the mcduiaiicn process be classified. 


What are the relative merits and demerits 
linear series plate modulation ? 


of grid bias modulation over 


What is niff nt by detection ? 


14. Hcn^ m'tN diede be ustd as a detector ? 

15. Hew m;«.y the uar.im.Utjs be classified ? 


16. What is nttan by rcccucrs ? Hev/ arc they classified ? 

17. Wl.at is the vitlue of imeimediate frequency for AM receiver 
f8. What is the value of image frequency for FM receiver ? 
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Problems 

s~ 

(50.053 kHz, 25.4 s: 10“' henry) 

2. In a tuned grid oscillator ihe tuned circuit concJ.t. ^ . 

ance /: =700. iH. resistance /J=t';a and shunt ^ induct- 

400 nC. Tfthe minimum valu: o ' mutua^I inducCc- 

coiis necessary to sustained oscillations is 4aH Calculate th» ’’w® 

resistance of the vacuum tube used, of vhich amnliSeatioffacto'r 1^20.'”'° 

(tOfeSl) 

K?' A oscillator circutt uses an RF-choV#* of 0 5 wH 

rd^o^SrcftarcraT2.2 ^^egrcj^cles^ reactlcf o^th^cLlS 

(34540^, 14.5a) 

of 4 mH ani*^! sections of t^e coil have inductance 

TsTd backl^*^""" ’ rnumarind^'Tn^^^^^ 

(too A: fir?, -^0.25) 

lovs selective network emo- 

t r rr . ani caoicitors. What wou'd be value of R when freau-ncv of 

™ b/the valu^ 

i\s,9ka,^ka) 

inductanr- of ^ resonant frequencv is 4 MfTz has an 

<2-valuT o> the 7 effective senes resistance is 10,000a. What is the 

(753.6) 

iR m JAi J’’ Pl^te nodulated amnli'ier. the nlafe sunoly voltage 

Znm‘nowcr •,?« the unmodulated carld^ 

imM-ncv fin modulation index, fiit plate drcuit 

eni..i.^ncv, (in) modulated earner oower and (iv) olate distinction under 

unmodulated and modulated conditions. ( 1 pa aissipation un 

(0.4, 70.6%. 750, 810 watts) 

" to deliver a total power of 201 wafts to an 

antenna. Calculate (i) the power contained at the carrier frequencv and (iii the 

3 ^ 0 % T ** 8'iebands. if the per cent of modulation is given 

(177.8 watts, l.I watts) 

A 1 ?• amplitude of 15 volts amplitude 

modulates a 100 Arffz carrier signal which has a peak value of 25 volts when 

(').Ca>cu'ate the modulation factor and oercentage modulation. 

<ii> What frequencies aopear in a soectrum analysis ? What trigonometric 
equations for earner and audio signal. 

(0.6,60%, 100 A: fir?, 120 A:^?, 93 kHz, 25 sin (2 t 03.000 /), 15 sin (2Tr 2000 0 


•OscUlators^ Modvlators^ Detectors and Reeeivets 


159 

10. The r.m.5 value of antenna current of an AM transmitter is 4 amp 
V7hea only the carrier is sent. It increases to 4.46 amp, if it is amplitude 
modulated. Calculate the percentage modulation. Determine the antenna 
current when the modulation index is 0.9. 

(69.8%, 15.8 flmp) 

11. The tantc circuit of the oscillator in a certain radio receiver uses 
Z=»80 [iH, C— 316 ji/", /,.«1 c/sec and 10 volts. Calculate (a) the plate 
current required to produce the desired voltage at the tank circuit, (b) 
and (c) the ratio of the energy stored per cycle to the eneray dii'i ^ated per 
cycle ? 

12. An FM r 2 c?iv;r is tuned to 107.5 AffiTr. Find the local < illator 
frequency and the corresponding imige frequency. 

{m.lMHz, 12^ MHz) 
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5,1. ELECTRONS IN SOLIDS 

motion semiconductor devices depends upon the 

energies in atoms, molecules and solids is thus desired^ The class “ 
aSmTc 2e“tra ‘heory failed to explain the 

states^ reori^ieH K “ of levels, called 

Sfd^iTerin ^ common n form a shell. Electrons in a 

loStiSnioise hiT ‘loantum numbers / and m arc used 

tie atuSur S tlhpticity of the orbit of tL electron, i.e., 

if ^ ^ electron. The magnetic quantum 

mber tn is associated with the magnetic orientation. 

other ^°l’u®~Two atoms coming nearer to each 

=^'oms are in such close proxi- 
S surrounding an atom are influenced by another 

^uergy .evels ol each atom arc disturbed. This leads to 
slitting of encigy levels mto closely spactu states. A similar situa- 
tion exists when many atoms come t., gether to form a solid. The N 
morns in proximity will split the outer most levels into N levels, 
wnen these levels are too close, we call them a baud of energy 


In the crystals, there is an array of atoms. The inner orbits 

attached to specitc atoms while outer JevcJs are 
snared by the neighbouring atoms and thus form bands. The one 
dimensional energy level diagram lor a crystal containing several 
atoms IS shov.a lu Fig, 5.1. "i he band consistii'g of valence elec- 
irons IS called the vaJeute baBtl. it is shared by the crystal as a 
whole. At 0"K, when the electrons are in their lowest energ) 
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states, [there will be unfilled higher energy levels adjacent to the 
valence levels. These excitation levels of the atoms foim a band. 


Zero of Potential 



Fig. 5.1. 

known as conduction band. This band corresponds to the first 
excited states ai,d is normally almost empty. The gap between the 
valence and conduction bands is called thc.^ forbidden gap or' 
forbidden- energy band, because electrons may not exist in the crystal 
with these energies. As the chemical properties of atoms are 
determined by the valence electrons, the electrical properties of the 
solid are determined by these energy bands. 

The energy levels for a substance as a function of atomic 
spacing is shown in Fig. 5.2 we see that the outermost (highest) 




Fig. 5.2. 

enerev levels split first and the inner shells arc successively nfr-Cletf, 
because the outer shells come under the influence of neighbounrg 
atoms most readily as the spacing between atoms is oeci eased. 




162 


Electronics 


The splitting in the inner shells is extremely small, 
value of lattice spacing R^, the band structure for 
be drawn as shown in Fig. 5.2 {b) 


At a particular 
the crystal may 


5.2. CRYSTALLINE SOLIDS 


We shall first consider the crystal stnirtnr/* ^ 

me properties of solids are irrSleiy rlVS-'’' 

fo'rmlr"*' primaty lijid^s of forces invoked i? the 

“'v^ffonctS^r ‘'“rSne"tS‘ 


Crystals are formed of atoms in a wpII i 

S'^f 'paSi:i‘.;?or,a?c'e cryftffCcS 

corneis'ofa'cJbe.'The eJampllf!s'cLidS“Mt°“' 

(b) Face-centered cubic— This is simniv o 
additional atom centered in each of the s” Les 
example is sodium chloride. 

additional a?om rt”thr1:enfre f •“ 

Structure. cuDe. Some metals have this 

(d) Diamond or Tetrahedral— In this lattirf o* i, 

four nearest neighbours, bound by sharing of dectrons ^ 
of binding is called covalent or tetraSIlliSr The exLSS 
are silicon and germanium, the important crv«tfic 

conductor electronics. mportant crystals used m semi- 

it is nr'al. ?p oS'^tT" ¥h'i'‘b 

ally covalent and partially ionic. cWn.farn'Lp'g* is“t'“ eaamp'l": 

intporS' Sib”.' io"nt!"ti„‘d';'ng'';S'oSS,'‘"f i" 

purely ‘%Sos.atic ”ne"''Th‘'e' f ' “°°1 

germanium and gray tin form covalent rrvctraie i? •’ 

structure tetrahedral or diamond The attractive ^ crystal 

the sharing of electrons between the half filled outer sLlT and its 

four nearest neighbours. The metallic binding results from the 
snaring of electrons among atoms. The electrons in metallic bound 

crystals) move freely from one atom to the next 
and behave like an ordinarj^ gas. 
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Metals, Insulators and Semi-conductors — The solids are often 
classified as metals, insulators and semi-conductors on the basis of 
-electrical conduction in them. In metals the valence electrons are 
free at room temperature and able to take part in electrical conduc- 
tion. As a result of this the metals are good conductorshaving 
Resistivity in the range 10*® ohm-mh- In insulators, the 

valence electrons are all rigidly bound even at high temperatures. 
The Insulator materials (quartz, ceramics, plastics, etc.) have resisti- 
vities at 300®A!’ in the range 10’ to 10^® ohm-m. ('In the semi-con- 
ductors, the valence electrons are strongly coupled, by covalent ■ 
bonds._ At no free electron is available for electrical conduc- 
tiom * As the temperature of the semi-conductor crystal is raised, 
thermal energy creates vibration of the atoms about their lattice 
position. A few of the electron may acquire sufficient energy to 
break their co'alent bond. These electrons contribute electrical 
conduction./ 

At 300°^, the semi-conductor materials have resistivities in the 
range 0.4 to 2500 ohm-m. These resistivities of the ciy’stals may be 
explained by band theory as follows : j 

In monovalent metals, at 0®/^ all electrons lie in their lowest 
energy levels, represented by filled levels of valence energy band. 
The higher unfilled levels, represented as conduction band, are just 
' above the valence band. In an ins ulator the energy difference bet- 
ween the top of the filled valence levels and the lowest level of the 
^ conduction band, known as gap energy Eg, is very large. The 
electron can not thus bridge the forbidden energy region and 
^remains in the valence band. In a semi-conductor the filled valence 
' and unfilled conduction bands are separated by a very narrow for- 
^bidden energy gap. The electrons lying near the top of the filled 
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Fig. : 3. 

band can be excited to the unfilled band after the absorption of a 
relatively small amount of energy. The vacant electron sites or 
hrles are left in the valence band of levels. The valence band and 
conduction band and their relative spacings are shown in Fig, 53. 
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5.3. SEMI-CO^^CTORS 

ihe semi-conductors are of two types : (/) IntrinsiCf 
pil£fi--t5r natural semi-conductors and (//) Extrinsic^ impure or 
artificial semi-conductors. 

(A) JnErinsic Semi Conductors. Silicon and Germanium 
are intrinsic or pure semi-conductors. Their crystals have cubic 
lattice stMicliue similar to diamond. They are teiravalent (member 
of fourth group of periodic table) and consists 14 and 32 electrons 
(atomic nuoibers) respectively. The electron distribution fur silicon 
in differeni shells is 2, 8 and 4. Thus the inner shells are comple- 
tely filled and the outermost shell consisting four electrons (valency 
electrons) is an incomplete shell. The electron distribution lor 
germanium is 2, 8, 18 and 4. Similar to the silicon, its outermost shell 
is incomplete with its four valency electrons. So the physical and 
chemical properties of silicon and germanium ate similar to ea b 
other. 


UiO^V 


1^1 
I o ! 



90 


puoq 
dOuaiDA 




UQJpdl3 


Fig. 5.4. 


In the crystal lattice, each of germanium or silicon is bound to 

o ' " its four nearest neighbours by shearing 

© four of its valence electrons by lour 
® valence-bonds. Each of the bond con- 

sists two valence eIe:trons one from each 
atom. Each atom is thus surrounded by 
a complete and stable shell of eight elec* 
“ Irons. Due to this configuration the free 
electrons are not available at absolute 
zero for conduction and the semi-con- 
Cducior behaves as an insulator. With 
ibe increase in temperature the kineuc 
energy of electrons increases, few of the 
^ ^ valency bonds break up and electrons 

become flee, so due to this supply of thermal energy the random 

motion of elections takes place. As soon as electron leaves the 

valence bond an electron vacaucy is created there in the valency 
bond. This empty space left behind by the electron in the crystal 
structure is commonly known as hoic. So an electron-hole pair is 
produced, ihe number will increase with the increase in leoiperature. 
Both electron and the hole take part in the electrical conductmn, 
the hole acts as a positive charge {equal to electron) carrier. The 
process of conduction by means of electron-hole pair due to thermal 
energy is known as intrinsic conduction. Under the effect of external 
electric field or thermal agitation the electron Irom a nearby bond 
may fill up a hole and in turn leaves a new hole in the position pre- 
viously occupied by the electron. So in tins way the hole is not 
destroyed but its location is shifted. When a fiee electron encounters 
a hole it re establishes the broken covalent bond, the excess of ener- 
gy is released in the form of electromagnetic radiation (heat or 
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light). This released energy may be further fused to break the 
another covalent bond and thus to create new electron-hole pairs. 

When a sufficient thermal energy i>Eg, the gap energy) is ab*' 
sored by the electrons occupying states at the top of valence band, 
it is possible to transfer energy to the empty states of conduction 
band. Such electrons thus contribute to conductivity and the crystal 
is called intrinsic semiconductor. 


t 
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Filled Votcnce 
Bond 
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The difference between an insulator and 
an intrinsic semi-conductor can be described 
by a function 

...( 1 ) 

known as Fermi distribution function. E/ is 
known as Fermi energy. Here it is given in 
eV. At the absolute zero of temperature, 

/(£) = ! for E<Ef and /(£) =0 for E>Ef. 

As the electron states in valence band are 

occupied at T~0, hence E/ must be greater 
than the energy of the uppermost state in the Fig. 5.5. 

valence band. Similarly, as the conduction band is completely 
empty at r=0, hence Ef must be less than the lowest level of con^ 
duction band. 


According to the Fermi-Dirac energy distribution the number 
of electrons occupying energy states between E and E-\-dE in a 
unit volume is given by 

N{E) dE = Z(£) / (£) dE, ...(2) 

where Z(£) = C£^^- and C=4rc (2 h~^. Here m** is the effec- 

tive mass of an electron in the semi-conductor. 


The number of free electrons per unit volume of a metal at 
C® K for E<Ef [/ <?.,/(£) = !] is given by 


or 








= 3,64xl0“i® 7/2/3 



In an intrinsic semi-conductor at a temperature well above 0°J^, 
there are thermal electrons in the conduction band and equal num- 
ber of holes in the valence band. Shockley has suggested that the 
number of energy states in the conduction band varies as 

Z(£) =C(£-£.)i/« , 

•where £« is the energy at the bottom of the conduction band. 


-( 4 ) 
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Thus the density of thermal electrons in the conduction band 
will be given by 


tte = -£•«)! dE. 

J ZC 


...( 5 ) 


The upper limit of the integral is put as infinity for coaveflK 
ence in integration, however, the thermal electrons will remain in- 
the lower energy levels of the conduction band. 


Let X = {E—Ec) e[kT, then 


= c (Jf f' -EAeIkT j 


e 




2v:me*k \®'“ 




j “j3/3 ^~{Ec—E/)elkT 


= Nc e 


~ {Ec—EAejkT, 


...( 6 )' 


Similarly the density of holes states near the top of the valence 
band will be given by 


[ l-fiE)] dE. 




Shockley has suggested the number of energy states in the 
valence band as 

Z(E) = C(£.-£')i/2. -(S) 

Since E/ lies in the forbidden gap, therefore, will be large with 
respect to any E in the valence band. Thus 


• • 


rih 


= 1^“ C<£.-£ji/2 


..•( 9 > 


=2 


2T^mh*k 




J3/2 e 


(Ef-Ev) ejkT 


=A^v e 


-{Ef~Ev) eIkT 




Here mfi* is the effective hole mass, which is nearly equal to 
/«-* Therefore Since in ah intrinsic semi-conductors, 

therefore, with these conditions, we get 

Ec—Ef~Ef—Ev or E/=J(Ey+Ec), ^(iD 

i.e*, the Fermi energy lies half way between the top of the valency 
band and the bottom of the conduction band in an intrinsic seflu-^ 

conductor. 
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(B) Extrinsic Semi-Conductors. At normal temperature the 
intrinsic conductivity of a pure semi conductor is very small and is 
of little importance The conductivity of the intrinsic (pure or 
natural) semi-conductors can be increased by encorporating (called 
doping) a very small percentage of selected impurities in the host 
crystals {Ge or Si). The resulting material is known as impurity or 
extrinsic semUconciuctor. A very small amount nearly one atom of 
impurity in 10 million atoms of pure semi-conductor changes the 
concentration of hole and electron to a large extent. These impu- 
rities are either of fifth group [phosphorous P, antimony Sb, c ^ 
arsenic ^ 5 ] or of third group [indtum In, boron By aluminium Al o 

gallium Ga]. 

These impurity atoms have size of the same order as that q 
germanium atoms. Each of the impurity atom thus replaces th 
germanium atom. As the percentage of impurity is very small, nor- 
mally each impurity atom is surrounded by 10® germanium atoms. 
If the impurity atom U pentavalent, having five valence electrons, 
out of the five, only four valence electrons of the impurity atom 
combine with the four nearest germanium atoms by covalent bonds. 
The remaining fifth electron remains loosely bound with the parent 
impurity. Only a very small amount of energy is sufficient to excite 
this electron. This liberated electron is then free to move in the 
crystal lattice and thus works as conduction electron. This energy, 
also known as ionisation energy, is very small (0.01 cK for germa- 
nium with arsenic impurity) in comparison to the energy required 




to break a covalent bond (0.75 eV). As each impurity atom contri- 
butes or donates one free electron, hence is called donor atom 
[Fig. 5.6 (a)!. The semi-conductor with donor impurity is known 
as donor type semi-conductor. As impurity current carriers are 
electrons, due to negative charge on them, the name n-iype semi- 
conductor is also used for it. 
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If the impurity atom is tri valent, having three valence elec- 
trons, the three electrons of this impurity atom form covalent 
bonds with the three neighbouring germanium atoms. Thus there 
IS a lack of one electron to complete covalent bonds between this 
impurity atom and surrounding four atoms of germanium. This 
lack of electron is known as hole. When the impurity atom has 
captured or accepted one electron from a neighbouring germanium 
atom, a hole is created in that atom. This hole moves from one 
atom to another with in the crystal lattice due to thermal effects. 

In other words the incomplete covalent bond propagates from one 
atom to arother due to thermal agitation. The holes act as mobile 
positive charge carriers. As each impurity atom accepts one elec- 
tron from a neighbouring germanium atom, hence it is known as 
acceptor atom. The semi-conductor consisting such type of impu- 
rities is krown as acceptor type semi-conductor. As charge carriers 
are holes, which are positively charged, hence the semi-conductor is 
also named as positively or p-type semi-conductor. Fig. 5.6{b). 

In extrinsic sem.i-conductors, the impurity atoms reduce the 
energy gap r?. In an n-fype semi-conductor, the energy levels of 

donors (£rf) are isola'ed states located below but near ( 0.01 eF in 

Ge) the bottom of the conduction band. At T=0° K. the valence 
band is filled with electrons, the donor levels are filled, the donors 
are not ionised and the conduction band is empty. The Fermi level 
thus lies half way between the donor level and the bottom of the 
conduction band. As the temperature increases the donor electrons 

transfer, leaving most donor atoms activated. Thus, the intrinsic 

charges become important. At a high temperature the «-type con- 
duction is almost entiiely due to extrinsically supplied electrons 
from the donors. Similar to the case of intrinsic semi conductor, 
the distribution of electrons and holes is given by ’ 


Density of electrons in the conduction band 


ne — Me f(Ec'), 

...(12) 

Density of holes in the valence band 

...(13) 

Density of filled donors 
nd=Nd f(Ed), 

...(14) 

Density of filled accepters 
na—Naf(Ea), 

...(15) 


The condition for the electrical neutrality of the material 


gives 

Positive charge nn-f (A,: — /;i)=negative charge ne+na. 



S< mi-Conductor Devices 


169 


For the n*type semi-conductor Wa— 0 and nn 0. 


or 


Ncf(Ec)=m[l-fiEin 


Nee 


-{Ec-Ef)elkT ^ ^[Ei-Ef)elkT_ 


Thus in the w-type semi-conductor, 

1 , kT , Nc 

£/= UEc+E.)-^ \Oge 


...(17) 


AtT=0" K,Ef=i(Ee + E,\i.e.,\he Fermi level will lie half 
way between the donor level and the bottom of the conduction 

band. The Fermi level drops as T increases. 

Similarly, the Fermi level in p-type semi-conductor is given 

by 

...(18) 

N.- 


1 kT 

Ef=-j{Ea+Ev)+-^- loge 


AtT=0°K £/=irEa 4 £'-), i.e., the Fermi level will lie half 
way between the top of'the valence band and the acceptor level. 
The Fermi level rises as T increases. 

Thus we see that at T^0°K, the f^rmi leyellies half way 

between the donor level and the bottom of the 

M-tvne material. )n E-tyFe material at absolute zero it lies half way 

between the acceptor level and the top of the valence band. As the 
•femperatire increases, the Fermi level falls off inThe former case 



and rises up in the latter case. At a sufficiently high temperature 
the Fermi level in either material reaches the half gap level as in an 

.intrinsic semi-conductor [Fig. 5.7]. 
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TABLE 5.1 

Semi-Conductor Constants 



Constants 


Germanium 


Silicon 



Atomic number 

Atoms/m^ 

Dielectric constant 

Gap energy Eq, eV, 0°^. 
ff,, m-8, 300"^ 

P*. w*/voIt-sec 
V-h. m*/ volt-sec 
density gm/cm® 


32 

14 

4.4x 10*« 

5.0x102* 

15.8 

11.7 

0.75 

1.15 

2.4x 10^^» 

1.5x10^* 

0.39 

0.13 

0.19 

0.05 

5.33 

2.33 


5.4. SEMI CONDUCTOR DIODES 

are diodes the semi-conductor diodes 

electron and conduction current consists of both 

gas diodes Th^ flow of electrons and ions in 

junction diod^^ n fypes of diodes, widely used in circuits, are ; 

Let us disciisc contact diodes, zener diodes and tunnel diodes, 

i-ei us discuss each of these diode types- 

semi-cMductor^anri^^^*^^ ' ^ junction diode consists of w-type 

a junction THp-p q ^P'^yP^ semi-conductor joined together through 
/?-/? junctions withfi/^ ^ variety of techniques used to produce 
most nnnnitr ^ ® Crystal of germanium or silicon. The 

junction methods“^' diffused- 



(«) (A) 

Fig. 5.8. 

growD junction is formed during the crystal growing 
miHriu * A crystal oi say «-type of impurity is first grown. In the ! 

sufficient impurity of the opposite kind 
nS-..* IS added. This impurity is such that after developing, 
ic fnrrv, behaves asp- type. In this way a continuous crystal 

[Fig 5 8 partly of //-type with a junction in the middle 
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The alloy or fused June 
tions are commonly used. In 
this process a piece of mate- 
rial tor base is selected and a junction 
small piece of material of the 
opposite impurity type (in- 
dium on rt-type germanium) 
is placed on the surface. The 
wafer is heated, the tempera- 
ture is raised tor a 

minute or so. Tne indium 
melts and dissolves the germa- 
nium to form a liquid solution fig. 5.8 (c) ^ 

or alloy. The junction cools and a recrystallized germanium layer t 
highly doped with indium and hence a strongly p-type is formed , 

[Fig 0.8 {b)]. 

In the aiffused-junction method, a slab of material is hea^d 
to a high temperature and exposed to a gaseous impurity. Tms 
impurity diffuses slowly into the surface of the material. The 
impurity concentration is highest at the surface and decr^ses 
expouentiaily inward. The surface thus becomes doped. This 
technique is especially useful in making large and uniform junctions 

such as solar cells. 

Before the p-n junction is formed, in the n-lype germanium 
there are large numoer of free electrons and few intrinsic holes 
and in /'-type there are large number of holes and a few intrinsic 
electrons. Ihe excess of electrons or holes are due to impurity and 
a few intrinsic holes or electrons are due to thermal energy of the 
electrons. When they are joined and junction is formed, the 
electric charge diffuses across the common junction boundary under 
the thermal motion. Since there are excess of high energy con- 
duction electrons m /i-type, the diffusion of electrons takes place on 
the p-type side and thus a dehciency of electron will exist on n-type 

side. 1 ms creates a potential diffeience, called as barrier potentiai 

(0.5 volt for Ge and 0.8 volt for Si) across the region on both sides 
cl the contact, known as depletion region, with p type side negative 
with respect to n-type. This potential difference or barrier potential 
provides a drift current. Since an isolated junction has to be neuual 
no current can flow. The drift (^due to barrier potential) and diffu- 
sion (due to charge difiusion) currents must be equal and opposite. 

The width of the depletion region, caWed depletion layer, is gtricr- 

ally of the order of 10"^ to 10"® meter. The region is said to 
coDiaiD a space charge, hence is also called space charge region 
or the transition region. Using energy level diagram one can 
explain depletion layer and n~p junciion. As shown in Fig. 5.9 (n) 

and the energies at the band edges £c and £* are the same m 
both-p and rt-type of semi conductors. After formation of junction, 
the Feimi level is constant throughout at equilibrium Fig. (c), - 
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H * > • H* H 

p-typc Transition n-type 
region region region 



Fig. 5.9. 


Jiode cr„'b' fpp* 


connectecfto^ivtv-f/^p’ positive terminal of the battery is 

diode then itfs sa^d h "' type end of the junction 

live and neoativf- vr^lfo ' bias comhtion. The posi- 

Unawritv carriers) f^Pel respectively the holes 

UnVe^r fh^i^ ipotential difference) makes their flow possible, 

across the iiinef electric field holes move to the right 

mob ircharl? e°"- --bine.%hus ciLg ^^S e-St'^as 

takes place near the junction, a covalent bond near the positive 

^ k ^ 




<CQ-av 




ib) 

Fig. 5.10. 

amJ° erftprc^fh^^ battery breaks down, and an electron is liberated 

e positive terminal. This creates a new hole which 
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moves to the right of the p-n junction. At the right end of the 
diode, more electrons arrive from negative battery terminal and 
enters the n-region to replace the electron lost by combination with 
the holes at the junction. The electrons move towards the junction 
at the left, where they again combine with holes arriving there. 
Thus a large current flows through the junction. The arrangement 
is shown ia Fig. 5.10 (^ 7 ), 

(2) R^verse bias. If the terminals of battery are so connected 
that the /7-type end is at negative and rt-lype end is at positive 
terminal, the semi-conductor diode is said to bo under reverse bias 
condition, Fig. 5.10(6). The majority carriers, holes, are now 
attracted to the negative voltage terminal, and electrons are attrac- 
ted to the positive voltage terminal, both displaced away from the 
junction. The depletion region increases, barrier layer is increased, 
the majority carriers are not able to cross the barrier potential. 
Since the junction offers very high resistance, therefore, the flow of 
current is almost stopped. But still a few micro-ampere reverse 
current passes through the junction. It is due to the electron- hole 
pair (minority carriers) produced by the thermal effect even in 
depletion region. Some covalent bonds always break down because 
of the normal thermal energy of the crystal molecules. The elect- 
rons in /7-type material are more, right across the junction while the 
holes in the w-type materials are more, to the left across the junc- 
tion. Thus a small electron hole combination current is maintained 
by these, so called minority carriers. This is called as reverse 
saturated current. If the reverse bias is made very high, the covalent 
bonds near the junction break down and a large number of electron- 
hole pairs will be liberated, the reverse current then increases 
abruptly to relatively large value, this is known as break-down. 

The effect on the bind mode! of applying reverse bias (V 
volts) is to increase the energy barrier from A£ to /^E^-eV. Thus 
virtually no electrons can cross over from the n type region to the 
/? type region. The polcnual barner limits the flow of holes from 
the /7-type to the «-type region (as holes prefer to go up hill). The 
energy barrier is decreased to for a forward bias of V 

volts. It increases both the electron and hole currents. 

A /7 n junction diode is connected with a low voltage battery, 
using a potential divider in series wiUi a mA. The positive end of 
the battery is connecud with /;-region end and negative of the 
battery is connected with n- region end of the diode, ihe junction 
offers a very small resistance, in forward direction. By increasing 
the voltage {V} across the ends of diode, the corresponding cuncut 
is recorded. The variation of diode cuirent is plotted with the 
applied voltage. A voltage of about 0.1 volt is sufficient to cross 
the potential barrier of the junction, after that the current increases 
rapidly. It is an exponential shape of the curve. By reversing the 
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direction of the applied voltage a small-current due to minority car-* 

riers will flow in the circuit (of the 
order of micro ampere). This current 
depends on the temperature of the 
diode. The junction ofl'ers a high resis- 
tance in the reverse direction. When 
the reverse voltage is very high, then 
the break down comes and the current 
is abruptly increased. The resistance 
property, low in forward bias condi- 
tion and high in reverse bias 
condition, is just similar to unidirec- 
tional conduction of current as of 
the conventional diode valve. Thus 
a mnction diode can be used as a 

Fig, 5.11, recTifier. 

(B) Point-Contact Diode. Eirly diodes were of the point- 
contact type. The point-contact diode consists of a small water 
5 of semi-conducting crystal. This wafer is 
a slice, either from a single crystal or may 
be poly-crystaliine, of area few millimeters 
square and thickness fraction of a milli- 
meter. The crystal is soldered to a metallic 
base M so that an external contact can be 
made. This base contact {A) is ohmic. The 
point contact B is made on the other side of 
the crystal by pressing a pointed wire IV, 
known as whisker or cat's whisker, of one to 
five mils in diameter phosphor bronze. The 
current pulse by ohmic heiting melts the 
crystal in the vicinity of the point contact 
and thus forms a p-regioa around the eoitac 
is of u type. 



4 . 


Fig, 5,12. 

if the semi- conductor 


The characteristics of point contact diode depend on the 
crystal structure and its surface, whisker composition and its con- 
tact area and pressure, etc. The general shape of v-i curve is the 
same as for the junction type diode but with lower possible cur- 
rents. The point contact diode has higher forward res stance, 
higher reverse current and smaller rectification ratio than does the 
junction diode. The point contact diodes are widely used in high 
frequency applications such as microwave detectors and pulse 
circuits. 

Zener Diode.- There are two distinct mechanisms which 

cam^beused to explain electric break down : Zener breakdown 

avalanche breakdown. The former is evident in the case 
narrow junctions and the latter in wider junctions. Tne oreaicaowu 
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voltage decreases as the temperature increases in the former case 
and increases with the temperature in the latter case. The zener 
breakdown may be explained as under : 


In a very thin junction, the electric field is large with small 
applied reverse bias voltages and an appreciable number of electrons 
may pass right through the potential barrier formed by the forbidden 
band. As the temperature increases, it causes the forhdden band to 
become narrower and thus the p-obability of zener emission increases. 
Therefore the Zener breakdown occurs at a lower voltage. 

In the practical junction diodes the reverse current increases 
rapidly at large reverse voltages, known as breakdown level or 

Zener level (Fig. 5.11). Diodes with high reverse resistance and 

low power ratings are destroyed by reverse breakdown. The units 
designed to operate in the reverse breakdown mode continuously 
without being damaged are called diodes. Such diodes are 
useful in circuits where constant voltaaes are required and cur- 
rent demand is vary large. The limits of'reve^se current are deter- 
mined from the rated power and Zener-breakdown voltage of the 
particular diode. The Zener breakdown voltage Vz is determined 
by the properties of the p- and n- regions at the p-n junction. The 
strongly doped materials have low Vz, whereas the weakly doped 
materials have high Vz. The Zener diodes are manufactured to 
offer Vz ranging from 2 to 200 vohs.y^ 

(D) Tunnel Diodes. In certain junction diodes it has been 

found that the current voltage characteristics are of peculiar type 

current decreases with the increase of voltage. Such diodes were dis- 

covered by L. Esaki in 1957 and were known as Esaki diodes. The 

mechanism of such diodes is purely quantum mechanical in nature 

(the tunneling process). For this reason these diodes are now called 
the tunnel diodes. 

In the tunnel diode a strongly doped w-region is allowed with 
a group III material to form a p n junction in which the p-material 
is also strongly doped. The tunnel diodes are made of highly con^ 
ductivity semi-conductors, because of the high electron mobility 
and reasonable gap energy. The strong doping has two effects, (i) 
It makes the depletion region very narrow and thus decreases the 
thickness of the potential barrier to about 100/l^ (ii) It affects the 
band structure. The donor and acceptor energy levels broaden 
and merge with the conduction and valence bands. The Fermi 
level also moves up into the conduction band in / 7 -tvpe material 
and moves into the valence band in the /j-tvpe material. 

Let us draw the energy level diagram of the strongly doped 
junction. For zero bias, the energy level situation is as shown 
in rig. 5.1 3 [a). The net tunneling is zero because the probabi- 
lity of electrons going from states in the conduction band on the 

n-side to states in the valence band on the /7-side is equal to that 
m the opposite direction. When a reverse bias is applied to the 
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diode [Fig. 5.13 (Z>)], the conduction electrons of the n-regioit 
cannot move into the /7-region, but the electrons from the valence- 
band of /7-region can tunnel and enter the conduction band of the 
7j-region because of the small width of the potential barrier. Thus 
the tunnel diode conducts in the reverse direction [part a b of Figr 
5.13 (c)]. When a forward bias is applied to the diode it begins 
to conduct because of tunneling of electrons from the conduction 
band of ^-region into the valence band of the p-region. As the 
forward bias voltage is increased [Fig. 5.13(c)], the total current 
is the sum of the tunnel current and the normal forward current. 
The tunnel current is maximum [point c in Fig. 5.13 (c)] when the 
bottom of the conduction band in the //-region coincides with 
Fermi level in the p-region. Here the electrons in the conduction 
band find empty slates just across the barrier and the tunneling is 
maximum. The electrons in the valence band find filled states Just- 
in the left and can not tunnel. 



Fig. 5.13. 

As the forward bias voltage is further increased [Fig. 5.13 
most of the coaouciion baud electrons face the forbieden energy 
gap across the barrier and part of them see avaiiable energy levels 
Thus the tunneling current is smaller than above [point d in Fig. 
5.13(e)]. If ihe voltage is lunher increased all the conduction 
band elecirons face the forbidden energy gap and the tunneling 
ceases. 1 he current is srnipiy the normal lorward current follow- 
ing the normal diode law, as shown by the portion tf of the curve 
Fjg. 5.13 {e). 
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(E) Photodiode— The semi-conductors are not only sensitive to 
heat energy, but also light sensitive. A photodiode consists of a 
single p-n junction, made from light sensitive semi-conductor. Wnen 
the light photons of proper frequency reach the transition region, 

each photon carries an energy the valence electrons absoro 

this energy. If the photon energy exceeds the forbidden gap energy 
(e£o)> the valence electron will jump to conduction band leaving a 
hole in the valence band. In this way electron-hole pairs are 
produced. The number of such pairs produced depend on the 
intensity of the incident photons. If a reverse bias is applied the 
carriers are swept out of the transition region as ^ photocurrent. 
Corresponding to the zero light reaching the junction, the reverse 
saturation current exists. It is called dark current. 

The maximum wavelength corresponding to the minimum 
photon energy which will create a pair is 

i c __ /ic 

Am ax — y. 

VO CEq 

It has a value of 1.1 /im for pure silicon and 1.7 for 
germanium. These values lie in the near infrared region. 

These different types of diodes are used in electronic circuits 
and are generally represented by the following symbols. 


meter. 


..(19) 





(c) Tunnel diode {d) Photodiode 

Point contact 

Fig. 5.14. 

The Fig 5.15 shows the circuit diagram of full wave junc- 
tion diode rectifier with filter (n-type). The analysis of this 
almost similar to diode valve. 

Semi-conductor rectifiers are the 
selenium, silicon and germanium 
diodes. ITie selenium diode recti- 
fier is a junction diode consisting 
of two sections of r-type and p~ 
type selenium joined together. 

For radio frequency waves it has 

a forward resistance of the order Fig. 5.15. 

of 151 and a reverse resistance as high as 10^51. These rectifiers 

have advantages : (1) high efficiency, (2) small size, (3) long life, (4) 





^ :> 
1 o 
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lo w forward voltage drop, (5) low heat radiation and (6) wide range 
of current ratings. 

5.5. CONDUCTION IN SEMI-CONDUCTORS 

This occurs through two processes : (1) charge drift under an 
applied electric field, and (2) diffusion of charge from a region of 
high charge density to a region of low charge density. 

The conduction electrons and holes move in random motion in 
a crystal. When an electric field E is applied, the holes try to move 
along the field direction and the electrons in opposite direction. If 
Tie is the electron density, ve the net mean free velocity of electron, 
the current density due to electron motion 

Je — — rteeVe, 

Similarly for the holes motion with nn and vh as their density 
and velocity respectively, we have 

jh=nh€Vh, 

Since Ve is oppositely directed to vh, hence the total current 
density 

j=e ineVe+nm). ...(20) 

As the charge mobility /xe = Vc/^ and iih^VhlQ hence the con- 
ductivity or current density per unit of field intensity 

(nefJte+nhfJth), -‘( 21 ) 

The resistivity is high at very low temperatures and falls as the 
temperature rises. 

In an in homogeneous field free region of a semi-conductor the 
electron will diffuse by thermal agitation in the direction from high 
electron density to low electron density. The current density due 

to electron diffusion depends on the electron density gradient dritj 
dx and is given as 

je = eDe {dn ejdx) , ... (22) 

where De is the electron diffusion constant. Similarly for holes we 
have 

jh=-€ DkidriHldx). ...(23) 

In semi-conductors the drift and diffusion actions may be 
simultaneously preseni. Thus the expressions for total electron and 
hole current densities become 


jh^€iJ.hm^—€Dh [drihjdx) amplrt^, ...(24) 

j«~€pene^+eDe {dnejdx) amplm^. ..-(25) 

In each Eq. first term on the right is a drift component and 
the second term is due to diffusion. The first term depends on the 
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electric field. At lower voltage differences (<0.25 volt) the diffusion 
term predominates and at the greater potentials (>0.25 volt), the 
drift current predominates. At voltages (^0.25 volt) both types of 
current exist. 


Thermistor. The conductivity of germanium (silicon) 
increases to about 6 (8) percent per degree increase in temperature. 
■Such a large change in conductivity limits the use of semi-conductor 
devices in some circuits. However this property is very much 
useful in thermometry, in the measurement of microwave frequency 
power, as a thermal relay and in devices controlled by changes 
in temperatures. The semi-conductor used in this manner is called 
thermistor. As silicon and germanium are too sensitive to impuri- 
ties, hence are not used as thermistors. The commercial thermistors 
consist of sintered mixtures of such oxides as NiO, Mn20^ and 
Co^O 




5.6. THE pn DIODE EQUATION 

We can derive a quantitative expression for the diode current 
from the barrier potential and the n and p charge densities. 


The Einstein relation for the diffusion constant D and the 
charge mobility p states that 


Delpe^ Dhlph=kTle, ...(26) 

where k is the Boltzmann constant. The quantity kTje represents 
the mean thermal energy of the particles and is often called the 
voltage equivalent of temperature. In case of no bias, the current 
must be zero. Thus the expression for electron flow [Eq. (25)] gives 


doe 

ne 




This^expression mav be integrated across the junction, fro 
jCi to X 2 the transition region 


II 





The integration in the right side leads to the value of the 
barrier potential Vb with n positive to p. The above relation thus 
reduces to 


eV IkT 

(«e)n/(«,)p=e , ...(29) 

This gives the ratio of electron densities at the junction 
{depletion region face) in the ^-region to that in the p-region. 
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Similarly, we can get 

= ...(30}r 

Equations (29) and (30) are known as the Boltzmann equa- 
tions. If a small potential V is applied to the junction with the 
positive terminal to the/?-iype, z.c., as a forward bias. The junc- 
tion barrier potential reduces to Kb — K. The mobile charge from 
the source goes to the depletion region (electrons added ton and 
holes top). The current far from the junction is due to majority 
carriers. The diffusion at the junction is by minority carriers 
predominantly holes in the n-region. Thus under the forw'ard bias- 
condition, the relation (30) for the hole density on the right face of 
the junction becomes 


{m)n+ A{nn)n={nH), 





Similarly the electron density at the left face of the junction is 
given as 


+ A(^e).= (n.)n 

/. A(ne),==(ne)n ...(32) 

Using equation (20) and assuming the junction area 5, we get 
the total current across the junction as 

Ve+ A(«ft)ii Vft] 

=5^[(/t.)„ v.+Mp Vft] (e‘^/^^-1) ^.(33)^ 

...(34) 


This is known as the diode equation (plotted in Fig. 5.11). 
This equation shows that for V positive (or forward bias)r the cur- 
rent increases rapidly and for V negative (or reverse bias) the 
current decreases to a limiting value —/a. This current is called thfr 
reverse bias saturation current. The ratio of forward to reverse 
current at a given applied voltage is called rectification ratio* 

5.7. TRANSISTORS 

Transistors are in general two-junction, three-junction, three- 
terminal devices whose primary function is amplification. The 
first three electrode semi-conductor control device was named the 
transistor j as a contraction of the words transfer resistor* There is a 
large variety of transistor-like devices. They are superior than the 
vacuuni tubes as they have (1) long operating lifetime, (2) small 
physical size, (3) good operation at low voltages and (4) do not 
require heating power. The characteristics of transistors depend 
upon the operating temperature to a great extent, therefore the 
liansisior circuits are relatively cool. The transistor circuits can 
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perform the processes of electrical signal amplification, generation, 

-waveshaping and switching more eflBciently than the vacuum tubes 

do. 


The first transistor discovered by Bardeen and Brattain in 
1947 was called a type A transistor. It is now known as point contact 
rrnw 5 / 5 /or. Such transistors were limited in iheir power handling 
capacity, difficult to fabricate ard electrically noisy. Two years after 
Shockley suggested junction transistors. These devices operate with 
both holes and electrons and are therefore called bipolar junction 
transistor (BJT). The transistors with three terminals are called 
transistor triode. The junction transistors are more stable both 
mechanically and electronically, can handle large amounts of power, 
can be fabricated economically, generate little noise and are opera-* 
ble to the kilomegacycle region. 

Field-effect transistors (FET) have been successfully fabricated 
for commercial use since 1961, exhibit certain characteristics supe- 
rior to those of the junction type. These are like the vacuum tetrode. 
One can expect that there will beat least as many transistor types as 
there are vacuum tube types. 

Let us first discuss the junction transistors in details. 


5.8. JUNCTION TRANSISTOR 

It is the development of junction diode. The diode is analog- 
ous to diode valve, the /rawmror w analogous to triode valve. The 
silicon or germanium transistor can be grown with two p-regions 
separated by a thin ^-region (nearly 0.002 cm) or with two w-regions 
separated by a thin p-region. These are named respectively as 
p-n-p type and w-p-r? type transistors. The common layer (middle 
one) is known as base and the other two as emitter and collect 
tor. These three serve the purpose of three electrodes. The 
emitter junction injects the charge carriers into the base 
through which these carriers reach the collector junction. 
The base current thus controls the collector current, similar 
to the grid voltage controlling the plate current in a triode 
valve. In most of the transistors, the leads corresponding to emitter, 
base and collector lie in the same plare and the central lead corres- 
ponds to base. The spacing between emitter lead and the base lead 
is generally less than the spacing between collector lead and the base 
lead. Another identification of collector lead is the dot placed on 
the body of the transistor close to the collector. The centre lead is 
the base lead in both the cases. When the leads are spaced around 
the circumference of a circle, the centre lead is the base lead, left is 

collector lead and right is emitter lead when viewed looking into 
the base of the transistor. The Fig 5.16 shows both the junction 
transistors, their symbols for circuit and biasing processes. The 
emitter (£)-base (5) is forwardly biased and base (5)-colIector (O 
vcircuit is reversed biased. Since the £'■5 circuit is forwardly biased 
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the barrier potential is lower, the circuit will offer a small resistance 

Wil? dSend majority carriers crossing the barrier 

depend on the applied forward bias. Since the base layer is 



Fig. 5 .16. 

^regioii rn^mK^ ^ Small possibility of majority carriers from: 
of the maioriiv r' majority carriers of base region. So most 

through the -^'’-region pass into the collector region 

earners from Sion attracts the majority 

in the region. These majority earners constitute current 

circuit circuit. No doubt a small current do exist in 


(innii// voltage or alternating signal is applied 

over will also^v^ ^ number of majority carriers crossing 

produccfi in tf input or lime. So varying current will be 

controlled by inpuc^^ output. Thus in transistor the output is 

for tra^Sr‘cmcrur.™^‘^"' important parameters 


cm//r^r short circuit current amplification 
current t a • negative of the ratio of change in collector 

tor to ^ change m emitter current (A/-&), keeping collec- 
tor to base voltage (vcb) constant. ^ 

(A/c/A*£) vcB^comtant, ...(35]; 

It is also written as apB or Afb. 
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a few majority carriers of emitter combine with majo- 
rity carriers of the base region while passing to collector region via 
base, so the variation of collector current will be less than the 
variation in emitter current. Thus the value of a will always be less 
than 1 (nearly 0.95 to 0,99). This value of a(<l) does not mean 
that transistor cannot be used as an amplifier because the majority 
carriers injected under forward bias in emitter-base circuit having 
low impedance (nearly zero to 1000 ohms) are extracted at the 
reverse biased collector base circuit having much higher impedance 
(more than mega ohms). 


(*0 The collector to base short circuit current amplification 
factor (P)—It is the ratio of the change in collector current (A^'c) to 
a given change in the base current (A/b) keeping collector to 
emitter voltage vcb constant, i.e,, 

Aia) const ant, (36) 


Since the change in base current Ajb= 


— A/e— A* c 

-d-a) A/e. 


• • 


p=.- 


A/c 

A/b 


— aA/E 


— (1— a) A/e 


1 — a 


...(37) 


The value of the parameter ^ is generally greater than one and 
may be as high as several hundred. This parameter is also written 
as atPE or /jfE. 


Transistor Manufacturing. There is a large variety of 
ways to construct junction transistors. The methods generally used 
at present time lead to grown junction, rate grown junction, fused 
alloy junction, mesa junction and epitaxial mesa junction. 

{a) Grown-junction transistors. The process of their fabrica- 
tion involves three main steps : (/) growing the bulk crystal, 
(«) slicing It into individual bars and (///) attaching leads and 
mounting. The grown n-p-n junction [Fig. 5.17 (a)] is produced 
during the pulling of a large crystal from a purified semi-conductor 
melt (S'! or Ge) which has been weakly doped with n-impurity. 
In an appropriate time in the growth process, a p-type impurity is 
added in the melt to produce a p-type base. 


After a short interval the melt is once again doped with n-type 
impurity and a second n-region is formed. The crystal is then 
sliced into small rectangular bars. After chemical etching and 
cleaning, the connection leads are soldered on the ends and on the 
central base zone. The assembly is mounted in its housing. 


(Z>) Rate-grownf unction transistors. Such type of transistors 
are fabricated by a suitable doped semi-conductor melt having both 
p- and ^-impurities present. The impurity materials used for this 


Electro nics 


184 

purpose are those whose relative solubility in the solid or liquid 
depends on the rate of crystal growth. The /^-materials such as 
Ga and In tend to enter the solid at a rate independent of the rate 
of crystal growth. Therefore at a slow rate of growth a p-region 
's formed. The /z-matenal such as .SZ? tends to enter the solid at a 
faster rate with a rapid rate of crystal growth. Therefore at a 
rapid rate of crystal growth w-region is formed- By cycling the 
rate of growth p and n-regions are formed. 



{a) (b) (c) 

Fig . 5J7. 

rir- transistors. Fused alloy transistors 

trig. 5.17 (^)] are fabricated by placing a tiny pellet of impurity 
on either side of a small wafer of germanium and by heating the 
whole to a temperature above the melting point of the impurity 
material but below that of Ge, For p-n-p transistors, the pellet is 
of /?-materia] In). Thus on heating, indium melts and diffuses 
slightly into the wafer (Ge) and a p-layer is formed. The depth of 
impurity diffusion and the thickness of the base region between 
emitter and collector is controlled by time and temperature. 

{d) Mesa-junction transistors. The mesa transistor derives its 
naine from its geometry. In such transistors the emitter and base 
regions rise above the collector block like mesas in the desert. Such 
a structure is formed by diffusion and etching. In mp-n mesa 
transistor, a /7-type layer is produced by diffusion on an «-type 
silicon (or Ge) which acts as a collector. The depth of the diffused 
base layer can be accurately controlled as this process takes place 
in several hours. A small area is exposed to an w-diflfusant by 
masking on the base layer and the emitter is formed by diffusion 
into the /7-region. The material is etched down to the original 
collector level, leaving tiny base and emitter contact areas standing 
above the surroundings, as shown in Fig. 5.17 (c). 

(c) Epitaxial mesa junction transistors. The name epitaxy is 
for the oriented intergrowth of the two solid materials. The growth 
occurs from a gaseous compound at elevated temperature. In the 
construction of such a transistor, a Si or Ge crystal is placed in a 
vapour consisting of the same atoms as those in the crystal. The 
crystal is kept at a low temperature and the atoms from the vapour 
afl5x themselves to the crystal. The crystal therefore grows. A 
new layer so grown on a crystal is called epitaxial layer. 
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In the epitaxial- mesa transistor a weakly doped w-typc 
epitaxial layer is grown on a strongly doped w-type block which 
gives collector characteristics. A base layer may be diffused through 
3, mask into epitaxial layer by usual methods. It is followed by 
diflFusion of the emitter onto the base through a second mask. This 
technique produces transistors with very low collector saturation 
resistance, high voltage breakdown, reduced power losses within 
the transistor, increased upper frequency limits and smaller switch- 
ing time. 

Transistor Circuit Forms. The basic transistor has three 
electrodes, the emitter^ base and collector. In terms of four-terminal 
■device, one electrode is always common out of three to both 
input and output circuits. There are three possible circuit arrange- 



Fig. 5.18, 

-ments corresponding to three possible choices of common electrode. 
These are common emitter, common base and common collectof 
circuits. For each connection in p-mp transistor, the emitter 
terminal is made more positive than the base and the collector 
terminal is made more negative than the base. Since in a p-n p 
transistor base current flows away from the base terminal hence for 
an n-p-n transistor it must flow into the base. Thus the polarities 
of emitter and collectors will be opposite in transistor than 
there in p-K-p transistor. Supply potential connections in SLp-n-p 
transistor in above mentioned circuit forms are as shown in 
Fig. 5.18. 

5.9. GRAPHICAL CHARACTERISTICS 

A characteristic curve relates two or more variables in a 
system. In the case of the transistor we are interested in electrical 
quantities which appear at the terminals, i.e., the currents and 
potentials in the input and output circuits. The input as well as 
output characteristics are required. Two sets of curves are necessary 
-to specify completely transistor operation. 

The most often employed connection is the common emitter 
which resembles with the grounded cathode vacuum triode. The 
common emitter (p-n-p) transistor along with supply potentials and 
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indicating devices is shown in Fig. 5.19. For such a transistor^ 
collector characteristics and static base characteristics may be. 



Fig* 5.19. 

obtained from the observed data. The 
responding to these characteristics are 


mathematical relations cor^ 


and 


vce) 

/b=/(vbe, vce). 



^^ch characteristics must havc a family of 
curves as shown in Fig. 5.20. 


the negative signs in Fig. 5.20 (a) suggest that for normal 

ciirrpnf'i these currents (base current and collector 

ne ^ respective terminals. The vce is 

Thp cir. collector is not more positive than the emitter, 

cnnvpnf-^^ ^ potentials are given by the general 

/ 2 rp j Z/i/o a device or circuit node 

idered positive. (2) The potentials are designated by double 
script Sj the first subscript indicates the point imagined to be the 



more positive. The graphs shown in Fig. 5.20 {a) and 5.20 (W 
are commonly known as the static collector characteristics and the 
static base characteristics respectively. The slopes of curves shown 
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in Fig. 5.20 (a) represent 1/ro, where r® is the output resistance. 
The slope Aic/A vce is minimum at the point known as point of 
inflection. The Fig. 5.2u (b) represents the input characteristics. 
These curves are roughly exponential in shape. The slope of these 
curves yields the small signal input impedance. The transfer and 
transconductance curves for a transistor may be deduced directly 
from the curves ol Fig. 5.20, The ic versus /b curve is known as - 
current transfer and the ic versus vb£ curve is known as transconduc- 
tance curve for a transistor. The transconductance curve gives 
the dependence of the output current on the input voltage. The 
slope ol the curve A/c/i:^V£E is a conductance relating input and 
output variables, it is therefore called a transconductance^ gm. 

There are three operating regions, as shown by the output 
curves [Fig. 5.20 (ajj. (i) Inc cut-ojj region^ in which the transistor 
operates oelow the iB=0 line anu near the abcissa or in other 
words the emitter and collector are both reverse biased. This is con- - 
sidered to be the condition ol the transistor, (ii) The saturation 
region, in which the transistor operates on the saturation line near 
the ordinate with a minimum value of vce. In this region the 
emitter is lorwara biased and the collector has a very small reverse 
bias or small forward bias. Ihus the collector is not able to 
collect all the carriers injected by the emitter. The saturation is 
the on condition ol the transistor. Olien used is a saturation 
resistance Rcb, which is dchned as the reciprocal slope of the satu- 
ration line, ihis IS low lor most ol the transistors, (Hi) The normal 
or active region, in which the transistor operates in the central 
region. I ne curves arc relatively unilorm in spacing and slope. 
This region is suiieu to linear operation ol the transistor as an 
ampliher. In this region the emitter is iorward biased and the 
collector is m reverse Dias. 

Static or dc Load Line. The current voltage relations existing 
in the collector circuit may be written as 

vcE—Vcc^icRc. ...(39) 

Since the transistor and load are in series, the current must be 
the same for both. Since Vcc as a source voltage is constant, hence 
the above equation is the linear equation of lorm with 

^intercept Kcc, slope of — Rl and y — intercept ic — VccIRi., 
Drawing such a line on the output characteristics gives a d-c load 
tine, tor a particular load Rl, d-c load line is thus a straight line 
drawn between the intercepts VccIRl and Vcc, it gives us all the 
possible combinations ot current and voltage vce which may exist 
m the series combinations of load and transistor. 

5.10. EQUIVALENT CIRCUITS 

A large number of different equivalent circuits have been, 
proposed for the transistor. In the case of vacuum tubes para* 
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meters ,x, gm and rp are used. In the transistors several tvnes of 
parameters are generally used as both the common base and com 

uZJTi"' "°°“^^tions are utilized. The transistor may be 
treated as an active three terminal network. In such a network 

reference terminal and 

terminal pir network (Fig. 5.21). We shall specify only v, hTnd 
Vj, /j as the input and output variables. The operation of a three- 

terminal network may be specified completely with two sets of 
equations, each involving one dependent and two independent 


V 


+ l-J filM. 

Netvyork 

1 

/ 


■» 

1 

0 ^ — 

1 

1 


V 

J 



i2 

-02 


Fig. 5.21. 

. {a) Making the choice of and L fas 

implies the general relations 


independent variables 


h) and V2=/(/i, /g). 

These may be written as 

Jvi=Ovi/0/i) di^+{dvjdi2)dk 
^V2 = (0V2/0;i) dh+{dvjdi2)di^. 

For sufficiently small a-c signals these equations may be 
written as 



V 2 ~ ^21^1 H"^22l2* 



^11 ^12 
Z 21 Z 22 




Here z parameters have been defined as the slopes of the f— / 
relations and are known as open circuit impedance parameters. 
Using li=0 and in equations (40), we have 

Zn=0Vi/3/\ = Open-circuit input impedance (l 2 = 0 ) 

Zi 2 = 0 Fi/ 0 / 2 ==Open-circuit reverse transfer impedance (li=0) 
^2i=9i'2/0/i=Open- circuit forward transfer impedance (l 2 = 0 ) 
Z22=9v 2/0/2= Open-circuit output impedance ( 11 = 0 ) 
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(b) If the choice of Vi and Vgas the independent variables is 
ade, then the general relations become 


dh-={diildv^)dvi-Hdiildv^)dv^ 
di2 — idiildvi]dvj^-tidijdv2)dv2. 


For suflSciently small a-c signals where the partial derivatives 
are constant, we have 



Here y—parameters are known as short circuit admittance 
parameters^ Using Vi=0 and Va=0 in equation (41), we have 

>*11=011/9^1= Short-circuit input admittance (V2=0) 

>'12 ^9ii/0V2=Short-circuit reverse transfer admittance (Vi=0) 
>*2i=0y9''i= Short- circuit forward transfer admittance (¥2=0) 
>*22=0y9»'2=Short-circuit output admittance {Vi=0) 

(c) The third choice of ii and Vg as independent variables ^ 
leads to a set of network parameters of considerable value in tran- 
sistor circuit analysis. It gives 


Vi=/(*1. V 2 ), Va). 

dvi= idvj dii)dii-\-idVildv^)dv 2 
and di 2 ={dijdii)dii+(di 2 ldv 2 )dv 2 . 

For sufBciently small a-c signals where the partial derivatives 
become constants, we have 


or 


Vi— /ill Vj 

l2 = /^21 fl”f*^22 Vg. 

r i=r T 1 

IhJl hti K, JL Va J • 



Here A- parameters are known as hybrid parameters, as they are 

mixed parameters compared to purely impedance and admittance 

parameters. These are defined under either open or short-circuit 

conditions. We have V2=0 for a short circuit and Ii=-0 for an 

open circuit. Thus \se have two sets of /nparameters, as defined 
below : 

/;ii=cVi/c/i=Short-circuit input impedance {V2=0) 

/ii2=cVi/0V2=Open-circuit reverse voltage gain (li=0) 


' } ' 1 -- 
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/z 2 i— 9/2/9/i=Short-circuit forward current gain 
//22=9/2/0V2=Open-circuit output admittance 
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(V2=0) 

(li=0) 


that one parameter is an impedance, one an 
admittance and two are dimensionless ratios. 

parameters have been found useful in 
analysis. They can be measured under the speci- 

from the characteristics. If one set of 

Fw-wS OnfS’lhd" 


^11 — ^11—^12/121/^22 : ^12 = W^22* 

^21=-/^2i//722 ; ^22= 1/^22. ...(43) 


For each set of equations represented in matrix form we may 



write down an equivalent cir** 
cuit. The equivalent circuit 
that satisfies equation (40) is 
shown in Fig. 5.22(a) and has 
been called the z-equivalent. 
Each of the 2 -parameters have 
the dimensions of impedance 
and the quantities Z 12 I 2 and 
^ 21^1 are dependent voltage 
sources. The z parameters 
are not particularly only for 
transistor studies. 

The equivalent circuit 
that satisfies Eq. (41) is shown 
in Fig. 5.22 (b) and is known 
as the y-equival€fit. Each of 
the ^’-parameters have the di- 
mensions of admittance. yi 2 Vi 
and ^ 21^2 are the two depen- 
dent current generators. The 
>^-parameters are primarily 


applicable at high frequencies 
Fig. 5.22, and are often employed to 

describe a transistor at a particular frequency. 


The equivalent circuit that satisfies Eq. (42) is shown in 
Fig. 5.22(c) and is known as the hybrid (or h) parametef 
equivalent. Since the defining equations must obey Kirchhoflf's laws, 
hxx must be an impedance, ^22 admittance while hi 2 and // 2 X 
are dimensionless. For low-frequency analysis of junction transis- 
tors hii and /122 will be resistive. The hybrid Tc-circuit is very useful 
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for common emitter circuit analysis and at high frequencies. The 
hybrid parameters have become popular because (1) they are con- 
venient to use in circuit analysis, (2) They correspond to actual 
values and (3) are relatively easy to measure in the laboratory. 

The standard transistor nomenclature tells us the following 
-parameter symbols : 


hii=hi, /zi 2 =hry and h 22 —ho. 


...(43) 


A second subscript is also added to the ^-parameters to desi^ 
gnate the orientation. It is b, e oi c depending upon the common 
terminal. Thus tub, /ir&, hth and hoh describe c')mmoa base 
-transistor while hie, hre, h/e, and hoe are for common emitter con- 
nected transistors. The equivalent circuits for three standard 
configurations (common base, common emitter, common collector) 
do not differ because they all must satisfy the defining equations. 

For each type of transistor a complete set of 12 parameters 
is required. Transistor manufacturers usually publish the ^-para- 
meters of a transistor in the common- emitter form. If the data are 
given in common-base or common-collector form or required in 
these cases, the conversion relations are required. The approximate 
relations among /i-parameters are 


hie== 


hib . _ hit hob—hrb hfb 

\+hfb' " 1 ~+hfb~ 


hfb^ 


l+h/b 

“hfe 

l+///e 


; h\h= 


hob 


hie j 

hoe 

l~{-hf6 * 


hfb j —hfb 

’ l+hfb ' 

hie hoe — hre hfe — hre 

\+hfe ' 


= A/c= — (l+^/e)» hoc = hoe. 


...(44) 


The typical /r-parameters for a transistor for different forms 
are given in Table 5.2. 

TABLE 5.2 

Typical /z-parameters for a Transistor 


Parameter 


CE 


CB 


CC 


(ohms) 

tratio) 

(ratio) 

(mhos) 


1000 

2.5x10-* 

50 

2.5 X 10-* 


20 

3x10-* 

-0.98 

0.5x10“® 


1000 

1 

—51 

2.5xl0-» 
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S^^^MMON-EMITTER AMPLIFIER 

^^-=:==^onsider a single Stage common-emitter amplifier circuit. We 
determine the input resistance, the voltage gain, current gain 

and power gain with the aid of 
the equivalent circuit with the 
load resistance Rl and without 
the source resistance R^. The 
output resistance is determined 
with Rs in circuit and Rl re- 
moved. The amplifier circuit, 
equivalent circuit with Rl, with- 
out Rs and equivalent circuit witb 
Rs, without Rl are shown in Fig. 
5.23 (a), {b) and (c) respectively. 

The equations for the input 
side and output of the circuit of 
Fig 5.21. (6) are respectively 

Vb e^hieib~\~hTtVCe •••(45^ 

...(46) 

Solving Eq. (46), we get 

Inserting this value in Eq. (45), 
we get 


B <5 H/e 
'VWW- 


be 


h.- V 


re ''cc 



^fejs 


ic C 

T 


I 


f 




ce 


L 



Vb 


hi 


hrthft 


ho» + (\lRL) 




...(48> 


Input impedance Z<» or resistance Rin = 


Vbe 

ib 


hieho* — hr$hf 0 '^hi$l R l 

hos+iURl) 

^(RLH+hieViRLho^+l), 


-.(49) 


where H=hiehoe--hrehfe. 


Here we see that the input resistance depends on load resis- 
tance, which does not occur in vacuum tube circuits. The voltage 
gain is defined as 

^ ~-hre/[h oe+l/ RL] 

Voe hie — hrehfel\_hoe-\- 1 /Rl] 


■^hfeRL 

RLH-^-hie 
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Since Vct^ — URL, hence the current gain 



h 

Rihoc^ ' 



The power gain is the product of the magnitudes of Av and 
Au Thus 

Ap= \ Av 1 1 Ai \ ~Jlfe^RLl{RLH-^!lie){RLllOe+^) ■•■(52) 
From the equivalent circuit 5.21 (c), we get 

0~ib{Rs-\~h<e)~hrtVce *-(53) 

and ic=hfeib-{'hoeVce. ..•(54) 


Substituting the value of /j from Eq. (53) into Eq. (54) and 
solving, we get the output impedence Zout or resistance Rou^ as 


Roui^ 


Vc 

ic 


RsA-hi 


- (55) 


“ H^llOeRs 

Here we see that the output resistance is determined in part 
by the source resistance Rs. 

Similarly we may develop expressions for the common base 
and common collector amplifier circuits. 


Substituting the values of the corresponding liybnd parimeter 
from Table 5.1 in the above relations, we can summarise the 
values of the quantities (input impedence, output impedence, vol- 
tage gain, current and power gain) for the dillerent forms oi the 
transistor. The comparison is given in Table 5.3. 


TABLE 5.3 


Comparison of the three basic transistor amplifier coafig^irations 


Quantify 

CE 

CB 

CC 

Z{n 

Zaiit 

Medium (IK) 

Low (22Ji) 

High(144IC). 

High (45K) 

High(1.72M[) 

Low(80^i) 


High(-131)» 

High (131) 

1 (0.99) ; 

• * V 

Ai 

High (-46) 

1 (0.98) 

High (47) 


High (6026) 

High (128) 

Medium (47) 


♦ A negative sign indicates a phase change of n at the output. 


Here we see that the common emitter amplifier is best used 
for voltage and power amplifications. The common base configai- 
ation is used for matching a low impedence source to a high impe- 
deace load, i.e., as a step up impedence transformer. Ine com n jn 
collector configuration is used for matching a high impedence 
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source to a low impedence load. as a stepdown impedence 
transformer. The comman collector amplifier is also called emitter 
follower or cathode follower. 

5.12, THE FIELD EFFECT TRANSISTOR 

The field effect transistor (FET) is a different device proposed 
by Shockley in 1948. Its operation depends on electric fields across 
the conducting region. Since it uses only one type of charge 
carriers in the conducting region, it is said to be unipolar. The 
usual transistor uses both positive and negative carriers and is said 
to be bipolar. The FET differs from the bipolar type in several 
ways : (/) It has a very high input resistance of many mcgohim, 
(//) It suffers less from random variation of current or electrical 
noise and is most useful with small input signals. 

In an idealized picture a bar of n-type silicon has an ohmic 
contact at either end. The upper contact is known as the drain 
and the lower contact as the source. A current is established in the 
bar by an applied voltage (0 — 30 volts) with negative terminal to 
the source electrode. The electrons are thus supplied to the source 
electrode and are collected at the drain electrode. On one side of 
the bar we diffuse in some p-typt material, so as to make a p^n 
junction. This junction is called gate. It is held at a negative 
voltage with respect to the source. If the p-n junction at the gate is 
asymmetrical, with the p-type material much more heavily doped 
than the «-type, the depletion region will be developed largely in 
the n-type material, as shown by double hatched region in the 
diagram. If the voltage Vds is increased, the p~n junction at the 
gate becomes more reverse biased and the depletion region spreads 
out in the n-region, as shown by the single hatched region. The 
depletion region is thicker towards drain side of the gate as the 
reverse voltage|at this side is larger than at the source side. 



Fig. 5.24. 

There are two basic types of FETs. (/) The junction FET, 
in which the grid is isolated from the conducting channel by a 
reverse biased junction. (//) The insulated gate FET, in which the 
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cate is separated from the rest of the device by an «su|ating layer 
metallic oxide. For this reason the insulated gate FET is often 
called MOSFET (metallic oxide semiconductor) transistor. 
Another form of insulated gate FET is obtained by vacuum dc- 
position of material and is thus known as TFT (thin film transis- 
tor). The MOS design of FET is widely used m switching circuits 
and in complex circuit arrays. The several circuit symbols used 
to identify FET are shown in Fig 5.25. 

G 





(a) 


(b) 


(c) 


Wofer 



Wafer 

(d) 


Fig. 5.25. 

Fig. 5.25. JFET : (a) n-channel, {b) p-channel, MOSFET : (c) 

n-channel, (d) p-channel. 

Two salient features should be noted. (/) The FETs are 
•voltaee controlled devices, the gate voltage is responsible for the 
Sc mechanism. (iO These are majority carrier devices i.e., the 

1 aSor SaoTity carrier toicas. Although lh« majority 

caTTiw devices are much less sensitive to nuclear radiations than 
Srity carrier devices, the FETs are important m certain space 

and nuclear physics applications. 

FET parameters-The FET characteristics can be obtained 
hv investigating how the current flowing between dram and source, 
thVdra n current lo, varies with the dram to source voltage Vos for 

fS voltaU tbe depletion regions are thin and the current 

increases with voltage as showns 
by the curve OA (Fig. 5.26). As 
Vds is further increased, the p-n 
junction at the gate becomes more 
reverse biased, the current ]S now 
forced to flow in a channel which 
becomes increasingly contracted 
when the channel becom.es very 
small, an increase in current due to 
the increase in V-ds is balanced by the 
reduction in current due to channel 
narrowing, and the characteristic 
curve becomes practically horizon- 
tal (/4 5 part of the curve). The Fig ^ 5.26. 

FET is said to be in the pinch-off region. The abrupt rise in current 


A 


I 
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{BC) IS due to an avalanche voltage breakdown in the depletion 
region between gate and drain. If Vcs is fixed at some small 
negative voltage and Vos is gradually increased as the depletion 
layer IS initially larger, the slope of the curve will be initially smalle? 

at a lower 

cunent io. The family of curves are shown in Fig. 5.26. 

It IS dear from above curves that the drain current Id 
depends on \ ds and Vgs^ therefore we may write 

dfD-={dlDlcVDs)Vcs dVDS + {dlBldVc.s)Vj,s dVcs. ...(56) 

(Fig. 5.26) shows that the 

S characteristic at any 

aives the^cnar'/^*^ value of Vcs, while (5 /d/0Fgs) 

value nf ^ ng or the curves near the point /* for the particular 

restriet ni quantities are not constant. If we 

noin «,e variations, around a specified operating 

point, we may write above equation as 6 

id~gd VdS-i-gfn vgs, ...(57) 

where we have written cId/cVds as ga (the .drain or output con- 
ductance) ana clujeVcs as gm (the mutual conductance). Both these 
quantities have dimensions ohms'^. Generally ga is replaced by 
1/rd, where rd is called drain resistance. Thus we have 

id=v<islrd-\-gm vgs. ...(58) 

This type of equation also describes the operation of a triode 
or pentode valve. Simiiar to the case of triode valve we may 
dehne the amplification factor^/x for the PET as 

H- = {dVDslcVcs^l^ ...( 59 ) 

Thus equation (56) gives ^ i 

I 

Td. ^ \ ..-(60) 

5.13. THE UNIJUNCTION TRANSISTOR 

Another useful solid state device is the unijunction transistor. 
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Fig. 5.27. 
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It, sometimes referred to as a double base diode, consists of a bar 
of n-silicon, which has two ohmic contacts (bases and at its 
two ends and a p-emitter junction E located on the side of the bar 
in the middle. The resistance between the bases, the interhase 
resistance Rbb, is of the order of 5 to lOA: SI. Base B^ is maintained 
positive at a potential Vbb with respect to Bi. The emitter will be 
at some potential v] Vbb, The fraction t] is known as the intrinsic 
stand-off ratio, generally having a value 0.5— 0.75. It shows that 
the emitter is somewhat closer to base 2 than base 1. 

If the input to the emitter Ve is less than ri Vbb, the emitter 
junction is reverse-biased and only a low level of emitted current 
passes through the junction. If Vf is more than Vbb, the emitter 
is forward-biased as at Fp. Due to it the holes are injected into 
the bar, repelled by base B^ and moving to base Bi. This increases 
the conductivity of the emitter-^i portion of the bar which results 
in a reduced voltage drop Fif, required to support a given current 
level Ie, The process, in which the current increases the conduc- 
tivity and thus the drop in voltage Ve, continues until we reach 
' the valley with coordinates (Vv, Iv), iThis region (B to C in 
Fig. 5.28) is known as a region of negative resistance. For values 



T 


Fig, 5.28, 

of emitter current greater than Iv, the voltage is found to follow 
the normal forward-biased p-n junction diode curve (curve from C 
to D). 

The curve betsveen the peak and valley points, i.e., negative 
resistance region of the characteristic, is useful in the generation 
of time varying waveforms (pulse and timing circuits) and for 
amplification. 

5.14. INTEGRATED CIRCUITS (IC) 

The microelectronics is the branch of electronics in which we 
' describe the technology that is used to produce complete electro- 
nic circuits or circuit modules of extremely small size. It has many 
advantages over the conventional circuits, such as improved uni- 
formity and reliability, decreased weight and power consumption 
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and lower total cost. Integrated or microcircuit technology is a part 
of microelectronics. The integrated circuit (IC) or microcircuit 
is a device that will perform the function of a complete circuity 
in which the circuit elements (both active and passive) are inclu- 
ded or integrated into a single solid wafer of semiconductor mate- 
rial. The techniques of epitaxial growth, oxidation, diflfusiott 
through masks and metal deposition have made possible^the pro- 
duction of complete electronic circuits on a small silicon;chip. 



C B £ ] 2 3 4 



B 

Fig. 5.29. 


The stepsYin production of an integrated ^circuit in a ch»P 

are shown in Fig. 5.29. Starting with the p silicon wafer o 
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thickness about 6 mils (150 urn), an n impurity is deposited on the 
D-type substrate. This n-type layer of silicon is of 1 mu thicmess 
and is called the n-type epitaxial layer. A thin layer of S 1 O 2 is 

formed over this layer by exposure to oxygen 

ture [Fig. la)]. To construct a particular circuit [Fig. 5.2^ ( / )J, 

silicon dioxide is removed at different places by means of photoli- 
thographic etching process. The remaining portion of ^^^2 l^^ycr 
serves as a mask for the diffusion of impurities. The ;7-type 
impurity is allowed to diffuse through the channel opened (etcher 
region) and the n-type epitaxial layer down to p-type substrate. 
In this way we have the shaded n-type regions, called isolated 
islands IFig. {b)]. All active and passive components are formed 
from these isolated regions. A S/O 2 layer is again formed over 
the wafer and the photolithographic process is used ^ain to create 
openings. Through these the p-type impurity is diffused into the 
pockets of the /i-type regions to form base for transistors, or anode 
for diodes or resistors [Fig (c)]. Let us call these p-type regions as 

A, B and C. 

A SiO^ layer is again formed over the wafer and the photoli- 
thographic process is used to create opening in the p-type region 
at A, Through this opening n-type impurity is diffused to form 
emitter for transistor (or cathode for diode) [Fig. (c/)]. We thus 
have transistor at A and a resistor at B. 

It is now necessary to make interconnections among the 
various elements on the silicon wafer. SiO^ layer is again 
formed over the wafer. The photolithographic process is used 
to create openings at the points where the electrical connections 
are to be made, A thin coating of aluminium is made over 
the entire wafer by placing it in a high vacuum chamber in 
which aluminium is being evaporated or boiled. This Al layer is 
masked and selectively etched to form the pattern of connections 
[Fig. (e)]. At region C, the Al forms the upper plate of the capacitor 
witn silicon dioxide as a dielectric and n area as the underplate. 
This is known as a metal-oxide-silicon {MOS) capacitor. One can 
develop capacitor of capacitance as high as 300 This 

chip shown in Fig. (e) is equivalent to an electrical circuit shown in 

Fig* (/}. 

The resistance of the integrated circuit known as integrated 
resistor is the bulk resistivity of a p-diffused in the isolated n-type 
region. Let the resistivity of the diffused p-type impurity be p. Let 
the diffused region be in the form of a sheet with length /, width 
w and thickness t. Then the resistance R of the resistor will be 
given by 

R==pllA=^gllwt ohms. 

For a square of any size (/.e., l—w), we have 

R$=^plt ohms. 
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Thus we see that for the square sheet, the resistance depends 

on ihe thickness. If the length and width are not equal then we 
have 


R=gllwt=Rs llw ohms. 


• • • 


(61) 


The resistors up to 20 kSi can be constructed by using several 

strips in series in a grid form. For lower resistances ohms) the 

n-type emitter diffusion is used. These resistors have accuracv of 
the order of 5 to 10%. 


Exercises 

Example 1. Calculate ihe donor concentration in a sample of 
n-gerwanium having a resistivity of 0.15 chm-m at 300°K1 

For n material. 


The resistivity l/c = l/«,€/x,= 0.15. 

From table 5.1, we find /^^=0.39. Therefore the donor con- 
centration 


1.6x 10~i»x0.39 
= 1.07 X 10*° electrons/m^. 

The hole concentration nh=ni^lNi>, 


The table 5.1 gives m. = 2.4x Therefore 

«/» = (2.4xl0i»)2/1.07x 1020=5.39x10*8 holes/w^. 

Example 2. Determine the rectification ratio for a germanium 
pn-junction at 0.13 V and h = 25XI0~^ amp, T^SOO^'K. 

We know that the rectification ratio of a junction is de- 
fined as the ratio of forward to reverse current at a given applied 
voltage. The diode equation is given as 


For the forward direction of current, V is positive. It is given 
as 0.13 F, whereas A:r/e=0.026 V. Thus we have 





For the reverse direction, V is negative. The exponential term 

quicl<ly becomes negligible with respect to unity. Thus the reverse 

current reduces to reverse saturation current. 

The rectification ratio 148.4. 


Examples. A germanium diode with i^— lOfiA is to be used. 

Calculate the forward voltage at which the diode current is 100 mA, 
What will be the current for reverse bios of 100 volts ? 
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The diode current is defined as 

In the present problem the saturation current is=io=lOiJ.A, 
f=100 mA and kTfe=26 mA at room temperature. 

1 00 X 10’*= 10 X - 1] 

or K=0.026 log« [10^ — 11=0.026x2.3026x3,99 

=0.23 volt. 

For the second part of the problem, we have V =— 100 volts. 
i=10xl0-'[c-i»»/®-“^®-ll 

= - 10 X10~«^=- 10^1.4. 

Example 4. A sample of germanium has intrinsic electrori den- 
sity of 2.5 10^^ electronsjm^ at 300° K. It is made p-material by 
addition of indium at the rate of one indium atom per 4 y 10 ger- 
manium atoms. Calculate the concentration of charge carriers. 

We know that the number of germanium atoms per cubic 
meter is 4.4X 10^«. Thus the density of acceptor atoms 

Ar^=li^^jj 3 - = 1.1 X 102“ atoms/m“. 

Assuming the donor density to be zero, we have the density 
of majority carriers 

.2 (2.5Xl0i»)2 




m 


Na 


= 1.10X10^0+^,^^- 


= 1.157x102® atonis//n®, 
and the density of minority carrier^ 

jj — =5.68x10^® atoms/m®. 

Na~ 1.10x10-'® 

Thus we see that the addition of p-impurity reduces the 
■sity of minority charges to about one-fifth of the value Jt woul 
have in intrinsic material. 

Example 5. A given transistor exhibits a short-circuit current 
amplification of 0.995 when used in a common base circuit. Calculate 
its short-circuit current gain when used as {a) common-emitter ana 
{b) common collector amplifier. 

The short-circuit current amplification of the transistor in 
the common-base configuration is denoted by a Greek letter a ana 
defined as 


__ Limit / A/c \ 
^"“A*e->0 ^/e jvCB = 


const 


li is also known as short-circuit current gain. 
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For a transistor in the co 
circuit current gain 

Limit / 


mil 


on-emitter circuit, the short- 


Limit / ^ic \ 


Since 




AiB yvcE=const. 
/E=fc + /£, therefore, we get 

0.995 


a 


1 — a 

= 199. 


1-0.995 


Similarly for a transistor in the common collector circuit the 
short circuit current gain 


Limit 



= 1 + P=1+199=200. 


Example 6. The current gain of a transistor in a common 
emitter circuit is 49, Calculate its common base current gain. Find 
the base current when the emitter current is 3 mA, 


The current gain in the common-emitter circuit p is related 
with the gain in the common-base circuit a as 


p-=a/(l— a) or a=P/(l + P)- 

Given P=49, we get 

a-49/(l + 49)=0.98. 

Since a=/c//E, therefore 


Collector current /c=a/£==0.98x 3 mA, 


As [3 =/c//£. 

/. Base current /b = /c/P=( 0.98 x 3/49) mA 

=0.06 mA = 6QixA, 


Example 7, A transistor in a circuit as a common emitter 
stage has the short circuit current gain 100 and IcBo=5fiA, If the 
measurement of the collector current yields lc=lmA with zero load 
resistance, calculate /e, Ib, a, and /ceo under these conditions. 


We know that Icbo is the collector base current with emitter 
open and /ebo is the emitter base current with collector open. 
Using the relationship describing the magnitudes of the terminal 


currents 

/e=/c+/b 



and the relations for a and p, we get 

( A/c \ ^ Ic-ICBO (ij) 

\ AiE J VC B= const /e 
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or Ic=alE-\-IcBo at a specific value of Vcb. 

/c = o[/c + /Bl+fcBO 


• • 


or 


t ala . IcBo “] 


When lB=0, the resulting collector current is Iceo. Therefore 

/CEO=(P+l) ICBO 

Ic=?> Ib-^Iceo. 

In the given problem p=100, /cbo=5 M and mA. Thus 
equation (///) gives 


Since 


/cEO“(i00+l) 5 — 505 i^A. 

P 


a = 


- = =0.99. 

p+l 100 + 1 


Equation O'l) gives 


Ic-IcBo Ji mA 


a 


0.99 


Thus equation (i) gives 

1.005-1 = 0.005 mA=5ii.A. 


Oral Questions - 

I. De6ne the following terms ; (a) insulator, (6) conductor, (c) semi-con- 
ductor. 

2 What is meant by (a) intrinsic and (6) extrinsic semi-conductors 7 

s'. What is the difference between the band structure of a semi-conductor 
and of a metal ? 

4. Define {a) donor, {a) acceptor impurities. 

5 Define the following terms : ((a) valence electron, (6) valence band, (c) 

conduction band, and (d) forbidden zone. 

6. What is meant by (a) p-type and (6) n-type semi-conductors ? 

7. What is the effect on a semi-conductor of adding (a) a donor impurity, 
(b) an acceptor impurity ? 

8. What is the effect on donor and acceptor levels when the semi-conductor 
is heated up ? 

9. How can you prepare junction diodes ? 

10. What is meant by {a) reverse bias, {b) forward bias ? 

II. Compare the forward and reverse current static volt-amp characteristics* 
of a semi-conductor diode. 

12. What is meant by (a) Zener load, (6) Zener diode ? 

13. What are the processes for the conduction in semi-conductor ? 

14. How can one identify the leads of a triode transistor ? 

15. How can one bias pnp and npn transistors 7 
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16. What are the transistor parameters ? 

17. Compare the vacuum tube amplifier circuits with the transistor ampli- 
fiers with (1) common base, (2) common emitter, and (3) common collec- 
tor. 

18. What is meant by Hybrid parameters ? 

19. Explain why a large reverse current exists in tunnel diode, 

20. What is the difference between JFET and MOSFET . 

Problems : 

1. Determine the resistivity of intrinsic germanium with 3x10^* per 

cm* electrons and holes. {36 ohm cm) 

2. The specimen of germanium has conductivity of O.Ol mho/cm. 

Calculate the density of electron-hole pairs. Given that u^==3800 cm*/F sec 
and iZA—lSOOcmVF sec. (7.72x70” pairs) 

. . .3* . What will be the ratio of forward to reverse current, if the magnitude 

of bias IS 0.05 K at room temperature. (—8.4) 

A transistor has emitter current of X mA for the collector current 
^98 mA. Calculate the base current and the gain in the common base circuit. 

What will happen to the gain if the slight change in base current changes the 
emitter and collector currents to 1.05 mA and 1.028 mA respectively. 

(0.02 mA, 0.98, 0.96) 

5. An impurity of phosphorus is added to a pure silicon sample in the 

amount of 10” atoms/cm*. If all donor atoms are activated, calculate the 
resistivity at 20°C. (5.22 ohm-m) 

6. Germanium has one arsenic atom added per 10® atoms of Ge. How 
many holes and electrons are present for conduction at 300®K ? 

(1.42 X 4.41 x lO'Vm^) 

7. A sample of transistor has Air^X.S mA for A/e= 1.89 m/I. What 
change in i^ will produce an equivalent change in ic ? 

8. A sample of germanium has intrinsic resistivity of 0.54 ohm-m. If an 
concentration of one antimony atom per 10® germanium atoms is 

added. Find the Fermi energy level after this addition of impurity. 

(falls 0.186 eV) 
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6.1. SWEEP GENERATORS 


The sweep circuits are very much used in cathode rav oscillr, 
scopes. The proper selection of the form of sweep is most imnr, 
tant. Many of the more common circuits employ the chan^i 
potential across a capacitor. The potential across the cmaTiw 
Without initial charge is 




1 f one can supply a constant changing current /, then will be 

a linear function of time r. Means must also be found for Ss7har^ 

ing the capacitor, when a maximum potential is reached A I* 

can be used to supply a constant charging current as the^ 

current of pentode is independent of Lode voltaL Ler L 

range. This circuit is occasionally employed as there are difficuhS^ 
in supplying potentials above ground. ^uicuities 

More usually the simple sweep circuits use the rise of notPnt;,! 

when capacitor is charged through a series resistance R. When s?iL 

potential is reached it is necessary to discharge the cat)acitr.r 
potential across the capacity varies as capacitor. The 

=€f/i?C=Ar. (If//i?c«i) ...(2) 

Thus for a reasonable linearity t^lRC must hp cmoti u 
the time of the sweep. To provide sufficient sweep voltage forTefl* 

The frequency ot sweep /(=l/ri) is controlled by varl^tiL o7rc ' 

One of the earliest capacitive saw tooth generators 

glow discharge tube as the switch in the circuit. ® ® a 

glow tub^e sweep geZ^XoTaTTli) fhlLVu^remLTof high'^potS 
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to obtain linear saw tooth waves and (z7) the small amplitude of the 
output wave. The use of a thyratron as a switch allows reasonable 
flexibility in control of the period of oscillation and also in the 
amplitude of the output wave. 


The basic circuit is shown in Fig. 6.1 fa). When switch 5 is 
closed, the power is supplied to the circuit and C begins to charge 
through resistance The voltage developed across C is +ve with 
respect to ground and is applied to the plate of the thyratron. If it 



Fig, 6.1. 

reaches the firing potential of the tube, which depends upon the grid 
bias, the tube starts to conduct and capacitor C discharges very 
quickly through the tube and the series resistance /? 2 * The tube 
stops conducting, when the potential of the capacitor falls below the 
firing potential of the tube. The tube again begins to charge and 
the cycle repeats itself. The resistance R 2 is made as small as 
possible in consistent with the tube current rating in order that the 
capacitor may discharge very quickly. The R^ must be large enough 
to prevent the supply voltage from providing the tube with enou^ 
current to maintain ionization. The output wave appears across C 
and is a sawtooth voltage of frequency depending on plate voltage, 
grid bias. R^ and C. 

The thyratron saw tooth waves are not very stable in frequent^ 
but can be synchronised with a given frequency by injecting a small 
potential of the desired frequency into the grid. The synchronizing 
voltage causes the ionizing voltage of the thyratron to vary sinu- 
soidally with time. If the frequency generated by the free running 
saw tooth wave is slightly greater than the period of the synchroniz- 
ing signal, the effect is to cause the firing potential er of the circuit 
to vary in accordance with this varying grid potential. If firing occurs 
at the points A, C, etc., in the normal case, at some time during the 
synchronizing cycle the firing potential ep will be low (below the zero 
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synchronizing potential eos) and the tube will fire at noint R 

Tcnresent the vnifa«i“ ^ ^ ^ continuous and dotted lines 

Sout Unchrnni® Capacitor with synchronism and 

potenS!il7 respectively. Here cd represents the de ionizing 

-6.2. CATHODE-RAY OSCILLOGRAPH 

tube fcKT'^swe^n a cathode-ray 

)f eep generator and other circuits. A block 


tube 


Vertical 

input 


Vertical 

deflection 

_QmDitfier 


Synch signal 


So-A'tooth 

sweep 

Generator 


CPT 


Horizontal 
input •“ 


Horizontol 

deflection 

amplifier 


Fig. 6.2. 

diagram is shown in Fi? 6') ,.e. 4 - 

components. S* • • et us discuss individual 

10”® mm tube. It consists of an evacuated flO"® to 


kGA,A2A p , 

B Q ' 

gtg^on 9un Deflection 




Fig. 6.3. 
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cathode K is partially surrounded with a metal grid. The voltage is. 
applied so that the grid is negative with respect to cathode. The rate 
ol electron flow through the grid can be regulated with this voltage, 
lo locus and accelerate the electrons, passing through a hole ia 
griQ, two anodes and ^42 are used. These anodes are cylindrical 
with narrow openings and are at high potentials with respect to the 
cathode. The electrostatic field that exists between the anodes pro- 
vides the necessary focussing* of the electron beam and the system 

termed as electron lens. The diaphragm cuts off electrons 

which passed through the outer edge of second anode and were not 
properly locussed. 

The correct focus, on the fluorescent screen S, can be obtained 

by varying the voltage on one anode with respect to the other. The 

c'OAUro/ is the Iront panel adjustment on the oscilloscope for 

this purpose. 1 he number ol electrons, therefore, the brightness of 

the spot, can be controlled by the grid potential which may be done 

by the intensity control, another front panel adjustment on the 
oscilloscope. 

(h) Deflection Plates, The electron beam then passes through 
the first set ot deflection plates {A and B) that are mounted in 
horizontal direction and produce electric field in vertical direction 
when a voltage is applied across them. Due to this field the electron 
beam will be deflected and will provide a vertical deflection on the 
fluorescent screen. Ihe electron beam then passes between two 


•The electron beam converges when passes through a metal cylinder 
charged to a negative potential. Thus the negatively charged metal cylinder 

acts as a convex lens which converges the beam of light. On the other hand 
if the cylinder is given a positive potential, the electron beam gets diverged. If 

there are two cylinders A and B charged to different potentials, the resultant 
field shown by dotted lines in Fig. 6.4 (c) converges the electrons to a point. 


- B 



The lines of force may be spreaded out by using the cylinder B larger. The focal 
length of such a lens can be changed by changing the potentials. The clcciro- 
static Iccusirg will be discussed in the aincle 6.5- 
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plates mounted perpendicular to the first set of plates {P and Q) and 
a potential difference between these plates causes a horizontal 
deflexion of the beam. Therefore, the position of the electron beam 
and thus of bright light spot on the screen depends on the voltages 
across these two sets of plates. 

Electrostatic Deflection, Let 
us DOW discuss the motion of yf 

electron in electrostatic field (Fig. 

6.5). If the mass of an electron 
is its charge e, the potential 
difference between cathode and 
last anode F, the electrostatic 
field between deflecting plates E, 'hi 
and / and L are respectively the 
axial length of the deflecting 
plates and the distance from the 
centre of the deflecting plates to Fig. 6.5, 

the screen, then the velocity of the electron at point O is given by 

Vov=Vo2==0. .. (3) 

The acceleration in the electrostatic region is given by 

may—cE, az=aj! — 0. .. (4) 




If E is assumed constant with time, this Eq. leads to 




and that vz=Vqx, the initial velocity. The integration of Eq. (5) 
gives 


y=i—Et^=i~E, 
m m 




This shows that the path of the electron between the deflec- 
ting plates is a parabola in the x-y plane. When the electron leaves 
the point C, it will travel in straight line toward the screen. This, 
straight line is tangent to the parabola at this point. Hence 



Since tan 0=-^:;r, or 

O C tan 6 



hence point O' is at the centre of the deflecting plates. 


/. D—L tan ^=€ELllmvQ»^=ELll2V. 



The length / and spacing if are limited by the beam striking 
the plates for large deflections. We can compromise only but caii 
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not decrease more V as it should be high for maximum spot bright 

QvSS* ^ 


analysis we have assumed E as constant, neglec- 
ted initial velocity of electrons. However the expression does give 
proper dependence on these parameters. ® 

• * Magnetic Deflection. In some cases magnetic field is used 

^ electrostatic field. A transverse magnetic field is pro- 

field (which is normal to the paper), a force Bev acts on them As 

A ’I’ o° ‘be electrons. There- 

and the path must be a circle of radius R, given by ^ 

mvVR=Bev or R=mvleB. .,,( 9 ) 


The corresponding angular velocity 
^^vfR^eBIm, 


...(10) 


cirrlpJi^n the faster moving particles will traverse large 

circle. The segment OA of a circle whose centre is at B is given by 

OA=R sin 6 or 6 =//i? (Approx.) ...( 11 ) 

Distance L is measured 
from the point of intersection 
b;^ of a line tangent to the final 

f deflection of the beam and the 
P'r 1 line of the original velocity, 

j \ 5 0 and is approximately from the 

L *--- 1 I mid point of the field. 

i tanfl-=Z)/Z,. ...(12) 

j or Z)=L tan 0=Le=U/iZ 

Vqw 0 . . . . . • I K > 

J =Lle BImv. 

’ri----— -L •( But 
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0 "".“.“"“■‘1 K 

.1 


or 


Fig. 6.6. 


D=^LIB 

...(13) 


Thus the deflection on the screen is proportional to 
.5 and inversely proportional to square root of the accelerating 
potential V. Two fields at right angles are used to produce deflec- 
tions in the x-and y- directions. Magnetic focussing is usually better 
than with an electrostatic focusing system. It provides a high 
intensity beam and the minimum distortion of the spot. The Mag- 
netic tube is less complicated than the electrostatic type and is of 
smallar length. However, the power required is considerably greater 
and the induction of the coils leads to a difficulty when deflections 
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are very rapid. Thus the magnetic deflection is limited essentially 
?o constant frequency service, such as that found m television or 

cadar. 

fc'i Fluorescent Screen, The beam of electrons, after deflectioi^ 
travels along the C.i?.-tube until it impinges on the screen 5, which 

I a coS of fluorescent materials on the end face of the tube. 
For normal laboratory observation, zinc orthosilicate is used. When 

electron strikes the screen, the part of the energy is transferred to 

der S dissipated as heat in the screen. The spot is of a yellow green 

XtSnary on the screen because of the danger of overheating the 
^screen moterioh 

2 Sweep Generator. For most applications of the oscillo- 
scope the light spot is moved horizontally across the face of the 

Stical deflection plates. It is often stated that the e ectron beam 
7s sSpt across the screen at a uniform rate. The oscillator circuit 
that pSuces sweep wave is called the sweep generator. Good 
lineaS of the sweep is a major requirement for a reliable oscdlo- 
icone At the end of the sweep the electron beam is moved back to 

S starting point by lowering the sweep voltage back to the zero. 

Is the repetition rate of the signal or some submultiple thereof, so 
that the repetitive displays can be superimposed 1 his Wpe of sweep 
;»tVrator is called a synchronized sweep and is found in many oscib 
-loscopes- Coarse and fine adjustments to vary the sweep rate are 

‘ on the front panel. 

3 Other components. Besides the C.R. tube and sweep 
venerator, other circuits, e.g., very high frequency and dc amplifiers 
Irralso available in some oscilloscopes. Power supplies, which are 
Essential for the operation, are not shown in block diagram. 


Calibration of the Oscilloscope. The position of zero signal 
^pflpction as set by the VERT CEN control, should not change 

when the’ vertical attenuator and gain controls are varied. If the 
^ero does shift, an adjustment of the vertical dc balance control is 
required The dc balance of the horizontal amplifier is done simi-i 
larly with the horizontal sweep disconnected. 

Uses of the C.R.O. (i) To determine the amplitude of a varis 
able quantity such as an oscillatory current or voltage, fi7' To study 
the waveform of a periodic disturbance, (in) To studv hysteresis 
curves (/v) To compare frequencies by Lissajous figures, (v) To 

studv phase difference between voltage and current in any circuit, 

(vi) To compare input and output voltages of an amplifier, (vii) To 
plot response curves of high and low frequeney circuits, {vui) Tqi 
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study transformer magnetisation, vibrations in machinery, echotones 
due to reverberation of building, (a) To study defects in genera- 
tors, motors and radio valves, (x) To study heart beats and nervous 
actions, (^/) To measure a very small intervals of time, (xii) It is 
very useful in television and radars. 

6.3. TELEVISION 

The television is the art of transmission and reproduction of 
moving ngures at a distance. The light intensities from the illurai- 
nated object are converted in to the electrical fluctuations. These 
vibrations called video signals atier amplitude modulation are 
tran^smitted by the antenna. At the receiver, this signal after de- 
modulation is applied to a device which reproduces the transmitted 

picture. The first part is known as iconoscope and the latter the 
kinescope. 

1. Iconoscope. The iconoscope at the transmitting station is 
tundamcntal y a combination of C.R.O. and a photocell (Fig. 6.7). 
me object O to be televised is focussed by means of a lens L on the 
pio o mosaic plate P , which consists of a large number of tiny g!o- 
u es G 01 caesium-silver compound isolated from each other and 
deposited on mica sheet A/. The back side of the sheet is coated 

E and is connected with a load resistor R, across 
icn signal voltage is devoloped. As caesium is a photosensitive 
rnaterial, each individual globule acts as a tiny photocell and emits 
electrons m proportion to the amount of light received from tho 



Fig. 6.7. 

particular portion of the object. As a result of the emission of elec- 
irons each elementary condenser, constituted by the globule and the 
signal plate (coated side of mica sheet), will become positively 
charged in accordance with brightness of the portion of the object. 
The electrical image stored on the mosaic cannot be transmitted 

as a whole but the individual picture elements are scanned one at a 
time by discharging the globule capacitors, in ordinary sequence. 
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The electron beam from the electron gun is made to fall on the 
mosaic and is deflected by the deflection section D, This consists of 
wo deflection cml pairs, the vertical deflection coils and horizontal 
deflection coils. The current in one coil causes the electron beam to 
move from side to side across the mosaic about lOOo times a second, 
while the current in an another coil causes the beam to move up 
and down about 50 times a second. Thus the electron beam is made 
to scan very rapidly the whole mosaic in about 1 /30 sec. The 
scanning is from left to right and top to bottom, one line at a 
time. When the beam impinges on a particular globule, it replaces 
Us positive charge and induces a positive charge on the metallic sur-* 
tace. These changes of electric charge produce corresponding 

minute electric impulses, video signal K, across the load resistor R, 

Ihe signals are amplified and then modulated and passed to trans- 
mitter so that they can be radiated. 

h., th receiving station, the signals received 

by the anunna and are subjected to superheterodyne receiver (S.R.) 

to separate both audio and video signals. The detector is used to 

feTyhrn sound (/F) Signals into sound signal which is finally 

fed through /(f amplifiers to speaker. The video signals are then fed 
into a kinescope, i.e., a cathode ray television receiver, similar to 
the transmission camera with the exception that the electron beam 
is focussed on a fluorescent screen instead of the mosaic screen. To 

reconstruct the picture the electron beam must scan the receiving 

screen m exactly the same speed as the mosaic screen in the trans- 

If by two pairs of deflecting 

coils, one ofhigh frequency for the “/me” scanning and the other 

/rame” scanning. To get the original 
picture the scanning beam of the receiver must be kept synchroniz- 



ed with that of the transmitter. The variation in fluorescence emitted 
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Colour Television. In the colour television the transmission 
system consists of camera with vidicon camera tubes. Light from the- 
scene enters the camera through the camera lens L and is split into 
three beams as shown in Fig. 6.9. It is done by four mirrorSj, 
1 and 4 total reflecting and 2 and 3 are beam splitting (partially 
reflective and partially transmissive). Blue, green and red filters 
[(5, 6 and 7 respectively) transmit only blue light to the blue vidicon*, 
only green hghl to the green vidicon and only red light to the red 
vidicon. Tiic images corresponding to blue, green and red in the- 
scene are formed on the targets of the blue, green and red vidicoD 

respectively. 



Fig, 6.9. 

The video signals by the vidicons are generated. This genera-' 
tion is based upon the principle of photo conductivity. A thin photc 
conductive target is deposited on a transparent conductive film on 
the inner surface of the tube face. When an optical image is pro- 
duced on the target, the resistivity at each point decreases according 
to the image intensity at that point. 

The blue, green and red video signals generated in the blue, 
green and red vidicons respectively are received by the receiver 
separated and fed to the colour kinescope. The colour kinescope 
may be regarded as three ordinary kinescopes one for blue, one for 
green and one for red. The gun section consists of three indepen- 
dent electron guns one for each colour. The deflection section 
consists of a single yoke, which provides simultaneous deflection 
in all three beams. The phosphor screen of the image section 
consists of an array of dots which may be subdivided into triangular 
groups of three dots, G and R. The B dot fluoresces blue when 
excited by an electron beam, likewise for the green and red. Thus 
the colour scene is reproduced on the screen of the colour-- 
kinescope. 
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6.4. RADAR 

The term Radar is the abbreviation for *'radio detection and 
ranging” It is not a single instrument but includes various 
techniques, A short burst or pulse of electromagnetic radiation is 
transmuted from a highly directional antenna, when this transmitted 
radiation hits a distant target, a part of the radiation is reflected 
back and an echo pulse is picked by a receiver. The time interval 
between transmitted and echo pulses provides an accurate measure 
of the target distance. The function of radar system is very much 
precise, rapid and unaffected by darkness, clouds, fog, etc. Thus 
the basic principle of radar is vary similar to that of sight. We 
switch on a light in the dark and we see an object because the light 
waves are reflected from it and return to our eye. The distance 
measurement is similar to that by means of sound echoes. 

Basic arrangements ;—(l) Very powerful and very brief elec- 
tromagnetic pulses are supplied by the micro-wave oscillator and are 
supplied to the modulator. 

(2) The resulting radio frequency pulses are transmitted by the 
use of wave guides and are radiated by a highly directional antenna 
to confine the radiated pulses in a definite range of direction. 

(3) Since the same antenna is used for reception of radio pulse 
echo, hence a t/wp/exer is used to isolate the receiving unit from 
strong transmitting pulses at the time of transmission to avoid the 
dami-ge to switch and the receiver set in the intervals equal to the 
duiaticn between pulse echoes, 

(4) The received RF pulses are allowed to pass through super* 
heterodyne receiver to get video signals. 



Fig, 6.10. 

(5) The signals are then fed to the indicator unit, which is a 
cathode ray tube. A time base circuit of desired number of micro- 
seconds is used to synchronise exactly the echo pulses with the 
transmitted pulses. From the curve on fluorescent screen, the posi- 
tion of the object that sends out the echoes can be determined. 

(6) In searching the surrounding surface for targets, the antenna 
is given a rotatory motion. 
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Operating Characteristics. The ODerafmn 
depends upon the Collowing factors : of radar system 

ff'gh frequency (>I0»Hzi 
Lire alTd^r^rserpow^'SeS”^ bSt Sncreasel 

betwe® Sit "Si'iZSZSLt S 'Tl ‘P.'"' “= !»"> 

transmitted pulses For larser rarop ^^^eed the interval between 
rate. Usually, it is from 350 to 1^000 c^"^ repetition 

safeJandinoo^ «sef\il in 

bro»d,”rdi™us«3>Ls 1“ of 'Xi" 

Air-traffi^contm^ widely used for navigation. 

Aground traffic radar mih GCA 

safe landins in tho fmii to guide aircraft to a 

meters to determinf* ti radars are equipped with alti- 

«dar is'lS'JS' Of4o,f'i"«f' -bove ^&^ro..4. Th. 

and for^th^contVnr^^ milita^, the radar is used for surveillance 
targets for the nnm The radars detect and locate hostile 

early (distant 

BMEWS (balli^tiV m used for the detection of aircraft, 

and trackine of bair^^r ^ ^rning system) radars for detecting 

Shter . interception) radars are used to guide a 

for A^y4I/y purpo^eL^ Shipboard surveillance radars are used 

in meteorolotv^^^^ Radars have been used as measuring tools 
ener^v Se rL microwave spectroscopy, radio-astronomy, solar 

and for nr^r r" vehicles, satellites 

ana tor exploration of interplanetary space. 

6.5. ELECTRON MICROSCOPE 

It IS a device to magnify minute objects similar to optical 
bJcameT^^' ^ electrons is employed instead of lighf rays 
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(1) Electrons have a wave nature, similar to light rays but of 
much shorter wavelength. ^ 

focussed by electric and magnetic field, 
very much like light rays which are focussed by glass lenses. 

We know that for the useful magnification high resolution and 
Clear perceptibility are the two important conditions. If the percep- 
tibility decreases with increase in resolution, the image would set 
uluired and no useful purpose is served. 


^ The resolving power of the electron microscope can be greatly 
increased without decreasing perceptibility. The resolving power of 
a microscope depends on the wavelength of light and the numerical 
aperture. The smaller the wavelength of light used the greater will 
be the resolving power, but the smaller the aperture the smaller will 
be resolving power. The wavelength of the electrons accelerated 
1 o ^difference of about 60,000 volts and of mass 

10® times smaller 

than that of yjsible light. _ Hence the resolving power of the electron 

tnicrosc(^e should be lOMimes greater than that of optical micro- 
scope. The decrease of resolving power due to smaller aperture is 
not very large. 


The clear under high resolution is secured by a 

special focussing scheme of the electron beam. The greater the con- 
centration of electrons in the beam that strikes the minute object, 
the greater Will be the number of scattered electrons, hence the 
perceptibility. Two types of focussing are in use. 


1. Electrostatic focussing. An electron lens, consisting of a 
succession of anodes at increasing potentials, is used to converge and 
to get focussed the electrons flying off in different directions. The 
electrons from a source O are accelerated successively in the regions 
ana are focussed at some point / on the axis similar to the light rays 


8 ^ 



6 



Fig. 6.1L 

that are focussed through a lens. The focal length of the electron 
lens can be changed at will by altering the potential of the cylinders. 

This can be shown by the Fig. 6.11. 
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If Vi and Va be the velocities of the electron in voltage regions 
Vi and ^ 2 , respectively. If e is the charge on the electron and nt its 
mass, then we can write and imv 2 ^ = V 2 e, 


or ..,(14) 

If the velocities are resolved in two components, parallel and 
perpendicular to the equipotential surface then it is clear that 
there is no change in the components II to the surface XY^ hence 


Vi sin /=V 2 sin r or vjvi==sm i / sin r=(F 2 /ri)i/ 2 . ...( 15 ) 


Thus for Fj, /> /*, hence the beam is defected toward the 
normal, similar to refraction of light. 


Magnetic Focussing. Magnetic focussing is chiefly used 

in the electron microscope, when a very fast beam of electrons is 
required. 


Consider an electron at point O inside a uniform magnetic 
field B moving with a velocity v and making an angle 0 with the 
direction of B. Its component v cos 6 along B will not be affected 

and will proceed in a straight line, 
while the perpendicular component 
V sin 6 will describe acircle. Hence, 
the resultant motionis a helix. The 
circular motion is governed by the 
relation 

Bev sin 6 = w (v sin 0 )^//?, 
or the time taken by the electron 
to describe the 

2nm 

V sin a Be ' 

Hence, the pitch of the hciix L^OP=^x cos B'Kt 

cos BjBe, 


circle 


...(16) 


...(17) 



Fig, 6.12, 

ItiR 


It is clear from the expression for t that this time does not 
depend on 6^ hence all the electrons diverging from point O in any 
direction are all locussed on the same point P. 


The distance OP depends upon B, hence the focal length of 
this magnetic lens can be altered by changing the value of B. The 
magnetic held represents the refractive medium which acts upon 
the electron beam as the glass does on a light beam. 


1007 magnetic electron lens. Gabor in 

Iy27 suggested that the magnetic field could be concentrated within 
& shorter distance along the axis of the solenoid coil if the latter 
was encased in an iron shield which reduced stray magnetic fields 
considerably. For the large magnifications, minimum focal length 
should be used. The schematic diagram of magnetic electron 
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lens is shown in Fig. 6.13. AB is the sec- 
tion of the coil of an electromagnet. The 
coilis surrounded by a shoft iron shield except 
for the gap;?^. The magnetic field is strong 
across the gap between p and q and is 
symmetrical about the axis 01 and thus 
focusses the electron beam at /. 

Electron microscopes are very use- 
ful in many fields of modern research in 
industry, medicine and study of atomic 
structure. The difficulty that the electrons 
destroy the object can be removed by 
dififerent methods, one is to soak the 
specimen in a solution of osmium salts. 

6.6. MASERS AND LASERS 

The term MASER is an abbreviation for '^microwave ampli- 
fication by stimulated emission of radiation'\ Similarly LASER is 
an abbreviation for ^'light ainplification by stimulated emission of 
radiation'". For the former the emitted radiation is at microwave 
frequencies, while the latter produces light in the infra-red or 
visible red spectrum. Since in the laser the maser principle has 

been extended to optical frequencies, therefore, also termed as 
optical maser, 

(A) Basic principle of maser operation. Let us first under- 
stand the terms : coherence, stimulated emission, population inversion 
and pumping, 

(0 Coherence, The short wave transmitter should be power- 
ful, pure, precise and free from noise. Therefore, the radiated 
power should be concentrated in a narrow frequency band which is 
known as coherent radiation. The sun radiations and radiations 
from light sources are incoherent as they cover a wide range of 
frequencies. For long range communication, intense and noise 
free {i.e., coherent) radiation is required, which may be used to 
shoot at the pin point. 

(iV) Stimulated emission. The process in which the excited 
atoms emit photons and drop to the lower levels is known as 
spontaneous emission. The process is called absorption if the atoms 
get excited due to the absorption of photons. If the photons of 
suitable energy size shower down on excited atoms in such a way 
that for the each incident photon two photons of size identical to 
the incident photon are emitted. The process is called stimulated 
emission and the incident photon the stimulating photon. 

{Hi) Population inversion and pumping. It is well-known fact 
that the population of atoms at the ground state is always largest 
at all possible temperatures. If by some means the population at 



Fig, 6.13. 
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higher energy levels is made larger than that in the lower energy 
levels, the process is cdAlcd population inversion. At this stage the 
chain reaction of emission will start, the method by which such a 
population inversion is affected is called pumping. 

Here we see that the population inversion is essential to 

produce the stimulated emission and is done by pumping the matter 

by photons. The excited atoms in the active medium should be in 

excess so that the stimulated emission might predominate over 
absorption. 

The first maser was constructed in 1954 by C.H. Townes and 
others. It is called the ammonia gas maser. The power output of 

the gas beam masers has been low as the molecules are not closely 

packed in the gas. The solid state masers are used now-a-days. 

The materials in which the atoms are having unpaired elec- 
tron are called paramagnetic substances and the unpaired electron 

can exist at a number of energy levels. The ruby crystal is a 

synthetic crystal in which a small percentage of aluminium atoms 

IS replaced by chromium or phosphorous atoms (who have unpaired 

eecron), The chromium atoms can be tuned magnetically to 

certain transition frequencies. For the operation, we proceed in 
the following steps : 

The ruby crystal is subjected to a magnetic field that will fit 
a suitable energy gap between the lower energy and higher energy 

^ates. The crystal is then cooled by placing it in liquid helium. 

The most of chromium atoms thus fall to lower enerey state. The 

crystal is then subjected to high power microwave signal. The 
requency of which is varied. As the frequency passes the fre- 
quency corresponding to the energy difference between the chro- 
mium atoms in the lower and higher energy states, the chromium 
atoms raised to high energy state, i.e., the population reversal takes 
place, ^ese excited chromium atoms fall to lower energy state / 
giving off radiations. Thus the stimulated emission starts at thei* 
input microwave signal frequency equal to the energy difference 
between the chromium atoms in lower and higher energy statest- 

The maser action will therefore start. Such a maser is called 
inversion maser, 

(B) Extension of tnascr principle to optical range (Laser). The 
theory of laser was introduced by Townes and Schawlow (1958), 
The materials used in lasers have some peculiar energy levels hav- 
ing comparatively large lifetimes ('^lO"® sec), known as metastable 
states. The number of electrons in such a metastable states goes 
on increasing with time and a stage is soon reached when the 
number of electrons in the higher metastable state becomes greater 
than that in the ground state, /.e., the population inversion is 
achieved. A medium prepared to have population inversion bet- 
ween two desired energy levels is called an active medium. To 
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ichieve population inversion highly reflecting surfaces on either side 
of the active medium. The beam bounces back and forth between 
,he mirrors on account of reflection and gets thus amplified. To 
Jbtain output laser beam, one reflector is made partially reflecting 
md partially transmitting, i.e., half silvered. Such an arrangement 
IS called resonant cavity’. Between these mirrors, the light wave 
propagates in both directions and gradually gets amplified in the 
active medium. Due to interference, stationary waves are thus 
formed. The sides of the resonant cavity are open (transparent). 

Active material is energized by the pulses of light from flash 

tube. The emitted photons that are not parallel to the axis of the 

resonator will leave the cylinder through the transparent sides 
The others which are moving parallel to the axis of the tube will 
suffer several reflections between the reflectors. Due to the chain 
reaction of stimulated emission, the more and more electrons are 
produced The intensity of photon beam parallel to the axis of 
tube is thus increased. Some of the coherent beam (stimulated 
photon beam parallel to the axis of the tube) is transmitted and 

serves as output laser beam. The simple resonator (resonant 
cavity) is shown in Fig 6.14. 
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fig. 6.14, 

The basic problem in designing a laser is to prepare an active 

^medium. This process is called pwwp/ng. In the different 

types of lasers, the different pumping methods are used. 


Gas Laser. The He-Ne laser was first fabricated by AH Javan 
and his colleagues in USA. The apparatus consists of a very long 
and narrow gas discharge tube filled with a mixture of helium and 


Perfect 

reflector 


Loser 

beam 



Partial 

reflector 


Fig. 6,15. 

^ pressure of 0.1 cm of mercury. At one end 

refle^ctor^V^ ^ perfect reflector while at the other end is a partial 
reflector to permit the laser beam. When a discharge is passed 
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discharge tube collide with the* helium atoms ^ 

the higher levels. These excited excite them t. 

neon atoms and excite them The hf^u^ ^^oms then collide with tY 

level. After som.toes .bereis a «>' 

a population inversion state is achieved ' "■ 

“oSfaInTtf - 

processes may be sboL“n Rg"t' 16.'' 




Fig. 6 . 16 . 

using arab/cryftal.’which'ilaraSillm'i^^^ 

'b/own '-'’•T-i ■< 

?.«?,f^sifvUer»br.'bro‘ibe\’f«r'^^^^^^^ 

crystal itself serves as resonant cLifv ^ f ^ 

x^rn r ^?r). 'JisS^g^mtV 

xS mbe" '’Sifielu^s'lf "dircCLTe" tfro^gh 
pump thus gives a fairly broad band pumping rad atkm i 

chromium atoms absorb these radiations and gft eSed fsE''^'' 

(mS) metastabll *’ 

ing and the population inve°”on“is”obSinS^ ' The r 
the metastable state to the ground 

after multinle reflpf'Ur.rsct g‘Ouno State radiates photons, which 
alter multiple reflect ons m the resonant cavitv amnlifies laraelv to 

an intense beam. This beam emerges from tin“%,r ■ i . i 

in Fig. 6.17. whole arrangement is showr 
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source 




f'ig- 6.17. 




c».beJi‘ on ‘L'S.” ■>.= 

crystal, thermal distortion, scattering etf Th.. f of 

need covering while the gas lasers ca^^nLl state lasers 

any need of cooling. The solid state lasers 

Thus the solid state lasers are ^ > Produce intense beam 

the gas lasers are used as oscillators. ^ amplifiers while* 

medicarsuTgety'^ controlled laser beam is used in 

retinas), dentistry: (t;&tment of teSS'cont^^^^^^^^ of detached 

mg cancerous cells, tumours and skin scaJs) (destroy- 

cutting operations'!^^^ industry, e.g., in machining, welding 

■ i oHnitimf ch^ml^af rSioL.^^^“'‘'^^ applications, e.g., to 

to _ . 

(6) The monochromaticity of a las^r • 

.,-..y and photography. y a laser is important in spectro^ 

•^•7. COMPUTERS 

3 Computer is a technical device f«r o.. 

tpformation, processing this information a?co?din^“ 

awwuiuing to some 
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prescribed programme of operations and supplying an output 

of processed information. The computers are millions of times 

faster than human beings at computing and are now very much 

useful in science, business, detence, government and other 
activities. 

The computers may be classified according to the improve- 
ments in the systems as : 

(a) First generation computers (1940—52). Such computers 

used vacuum tubes as the electronic components. The electrostatic 

tubes or mercury delay lines were used for storage. Paper taps and 

punched cards were used for the input data. Ihe memory access 

time was 1 ms and the electronic time per operation ranged from 
0.1 to 1 ms. 6 

(b) Second generation computers (1952 — 64). Such computers 

used a magnetic core memory and later the transistors instead of 

the vacuum tubes. In this way they were more compact, reliable 

and fast. The memory access time from the magnetic drum or 

core was 1-10 ^s. The electronic time per operation ranged from 
1 to 10 f*s. 

(c) Third geaciation computers (1964—70). Such computers 

used the integrated solid state circuits, improved secondary storage 

devices and new input-output devices- The multi-processing and 

multi-programming were made possible. The memory access time 

was 0.1 to 10 The electronic time per operation was 0.1 
to 1 y y 

(d) Fourth generation computers (1970 — present). Such com- 
puters used the microprocessor device, which led to the following 
developments (/) much faster, less expensive and of much greater 
capacity large computers, (ii) less expensive minicomputers, and 
(i/i) microcomputers. Such computers have advanced input-output 
devices : The optical readers by which whole documents can be 
fed into the computer ; audio response terminals by which an 
operator can vocally communicate with the computer and graphics 

display terminals by which pictures can be obtained from the 
computers. 

(e) Fifth generation computers (under development). These 
are called thinking computers, expected to have capabilities of 
reasoning and making judgements. They may be capable of pro- 
viding invaluable assistance to man in the field of medicine. They 
may help in new discoveries about galaxy. 

The computers may be classified according to size and 
memory as : 

(1) Microcomputers. A micro or personal computer is the 
smallest general purpose computer system. It can execute pro- 
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grams to perform a variety of instructions. Such computers usually 
have a 8, 16 or a 32 bit microprocessor. By an 8-bit micropro- 
cessor means that it can process 8 bits or 1 byte of data at a single 
given time. 

(2) Minicomputers. A minicomputer system is a small 
general purpose computer. The minicomputers are multi-user 
computers in contrast to the micros. They are very useful in 
distributed data processing networks. Most of the minicomputers 
designed now-a-days are with the 32 bit microprocessor. 

(3) Mainframe computers. A mainframe computer system 
is a fast computer, can process data much faster, as several micro- 
processors are used in place of the single one used in micro and 
minicomputer systems. 2 to 8 bytes can be operated automatically 
in the same unit of time. 

(4) Super computers. Super computers are the most power- 
ful and expensive computers. The time required to execute a 
single operation may even be of the order of nanoseconds. Such 
computers are Very much useful in research and defence. 

The computers may also be classified according to the data 
they process, as ; 

1. Analog computers. The analog computers handle data 
that is represented by physical quantities of continuously variable 
size sucu as voltage, current, temperature, length, etc. 

2. Digital computers. The digital computers handle actual 
numbers expressed in digits and the quantities in the problem are 
representeu by discrete numbers. The pulse circuitary is used in 
suen computers. 

3. Hybrid computers. The hybrid computers are those in 
which the desirable characteristics of both the analog and digital 
computers are integrated. 

Analog computers are not so accurate as digital computers, 
but they arc much simpler and therefore less expensive. 

Analog computers make use of circuit, such as addition, sub- 
iraciion, diflerenuating, integration, multiplication, division, etc. 
Analog computer can stimulate the response of any sysiem whose 
response can be described mathematically. To give some under- 
siauamg ot working of analog computer we include very easy 
example of problem. 

Consider the general case of simultaneous equations 

aiX+biy=^Ci 
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When the coefiBcients Oj, etc., are greater than one, an 

amplifier must be used for multiplication by the constant, but when 

multiplier is a fraction, a simple voltage divider may be used. To 

make the problem easy, let us write above equations in the follow- 
ing way. 

( 1 / 62 ) .x+fl/cj) y—cjaj}2=0. ...(18) 

These equations are solved by using two summing amplifiers. 
The value of the output voltage of amplifier 1 is the numerical 
solution of Eq. (181 for x and amplifier 2 gives the solution for y. 
Amplifier 1 sums a fraction of x, a fraction l/^iofy and a 
constant- to satisfy the first equation. Amplifier 2 is setup 
to satisfy the second equation. The outputs give the solution of the 
equations. 

The computer system is composed of several sections, as 
outlined in the block diagram of Fig. 6.18 The input unit receives 
the instructions and parts of a problem from punched cards, taps 



Fig, 6.18. 

or switch setting. The control unit responds to the instructions 
from the input unit and selects the required functions. The 
sequence of operation is determined by the order in which the 
instructions are placed in the input. The storage unit provides a 
memory for the instructions, initial problem, and final answer. 
The readout unit receives the solution from the storage unit and 
puts it on tape, prints it. The computer unit contains the mathe- 
matical circuits required to solve a problem. It is a heart of the 
machine. The circuits for addition of numbers are formed of rows 
o*" two stable state multivibrators. Subtraction is accomplished 
by adding the complement of the subtrahend to the minuend. More 
complicated circuits are used for multiplication, division, etc. The 
computer unit complies with the instructions and is ready for an- 
other problem. Readout occurs when the operator instructs the 

fi^achine to present the information contained in store. 

6.8. DIGITAL CIRCUITS 

Digital circuits have been very much used in the recent past 
in the digital systems such as digital computers, digital multimeters. 
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